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HUMAN PHYSIOLOGICAL RESPONSES TO COLD-WATER IMMERSION:
ACUTE AND REPEATED EXPOSURES
Abstract
Investigations regarding both acute and repeated cold-water immersions are
limited. Most importantly, there is a paucity of information pertaining to the impact
of such exposures on whole-body fluid distribution and plasma constituents.
Furthermore, previous studies have not differentiated between the hydrostatic and
thermal effects of water immersion.
Seven males participated in a warm-water stress test (WWST), and a 15-d cold
water acclimation programme, with cold-water stress tests ( C W S T ) on days 1, 8 and
15, and 90-min cold-water immersions at rest on intervening days. Stress tests were
90 min in duration (60 min seated rest, 30 min cycling at 1 watt-kg"1). The W W S T and
first C W S T comparison allowed the hydrostatic and thermal differentiation, while
repeated influences were determined from the C W S T comparisons. Measurements
during the stress tests included body-fluid volumes (radionuclides and Evan's blue dye),
plasma constituents (haematocrit, haemoglobin, electrolytes, osmolality, protein,
hormones), core and skin temperatures, cardiac frequency, oxygen consumption, and
skin blood flow.
During the rest phase of the WWST, plasma volume (PV) underwent an
hydrostatically-induced elevation (12%), which appeared to be due to an influx of
intracellular water. This intravascular fluid shift was not evident during the C W S T ,
and was possibly countered by thermally-induced venoconstriction. Furthermore,
increased plasma atrial natriuretic peptide concentration during the C W S T was uniquely
shown to be a response to the cold temperature, rather than the hydrostatic effects of
immersion, since it remained constant during the W W S T . The increased P V during the
W W S T subsided during the exercise period, but remained above pre-immersion levels,
possibly due to a redistribution of blood from the central volume to exercising muscles.
Repeated cold-water immersion produced an habituated-thermogenic response
during the resting phase of the final C W S T , compared to C W S T 1 (12.18 ml-kg^-min 1
reduction), which was not accompanied by an hypothermic core-temperature response.
While there was a 3.2% reduction in pre-immersion total body water, and an attenuated
decrease in P V during the resting phase of C W S T 3 , habituation did not result in
significant changes in body-fluid distribution or plasma constituents, at rest or during
exercise across the C W S T days.
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CHAPTER ONE: INTRODUCTION AND HYPOTHESES
T h e body is composed largely of water, which declines from approximately 7 5 %
in the newborn, to 5 0 % in humans over 60 years of age (Edelman and Leibman, 1959;
Friis-Hansen, 1983).

A s such, water is involved in a large number of functions

throughout the body including electrolyte equilibration, nutrient and gas transportation,
and thermoregulation. This water is distributed between two major fluid compartments,
the intracellular and extracellular spaces, both within and outside the vascular space.
Approximately 5 5 % of body water is contained within the cells, while the remaining
4 5 % is extracellular, of which 3 8 % and 7 % is contained within the interstitial and
plasma volumes respectively; red cells account for 1 2 % of the vascular compartment
and 5 % of total body water (International Commission on Radiological Protection,
1975; Figure 1.1). These different body-fluid compartments do not represent static
volumes, but rather, a dynamic fluid exchange with different turnover rates depending
on the particular conditions.

The regulation of body-fluid distribution is controlled primarily by physical
factors through the combination of hydrostatic, osmotic, and oncotic pressures, which
provide a balance across the cellular and vascular membranes during equilibrium
between the different compartments (Starling, 1896; Cunningham, 1989 for review).
The regulation of the vascular compartment is primarily determined by changes in
arterial pressure (Guyton, 1961). Control is through a negative feedback loop, whereby
an increase in arterial pressure, resulting from an increase in the vascular volume and
cardiac output, triggers volume and pressure receptors, leading to fluid and electrolyte
excretion, while the reverse is true for a decrease in the volume of the vascular
compartment.

T h e extracellular fluid compartment, comprising the plasma and

interstitial volumes, is regulated predominantly by hydrostatic and oncotic pressures
(Starling, 1896). At the arterial end of the capillary, the hydrostatic pressure of the
plasma is greater than the oncotic pressure of the interstitial fluid, which causes
filtration of fluid from the plasma to the interstitium. However, near the venous end
of the capillary, the hydrostatic pressure is greatly reduced, and the larger oncotic
pressure of the plasma causes absorption of fluid from the interstitium back into the
Page 1

Total body water
c?=600ml-kg-1
9 =500 ml-kg1
/

\

Intracellular fluid volume
6=340 ml -kg1
9 =300 ml-kg1

Extracellular fluid volume
6* =260 ml -kg1
9 =200 ml-kg1
J

Plasma
volume
6= 40 ml -kg1
9 =40 ml kg 1

/

\

Interstitial
fluid volume
cJ =220 ml -kg1
9 = 160 ml-kg1

Extravascular
cells
6 =310 ml -kg"1
9=275 ml-kg"1

\

\

Erythrocyte
volume
6=30 ml -kg"1
9 =25 ml-kg"1

/

Intravascular volume
6 =70 ml -kg1
9=65 ml-kg"1

Figure 1.1: The normal volume and distribution of body fluid within adult males (6)

and females (9: International Commission on Radiological Protection, 1975;
International Committee for Standardisation in Haematology, 1980).
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plasma. While oncotic pressure, due to proteins contained within the fluid, controls the
movement of fluids within the extracellular volume, other solutes (molecules and ions),
are responsible for osmotic pressure, which controls the movement of fluids between
the intracellular and extracellular volumes. Furthermore, circulating hormones also
play a role in the regulation of body fluids. Most importantly, plasma aldosterone and
vasopressin are primarily responsible for sodium and water reabsorption, while plasma
atrial natriuretic peptide, and its renal analog, urodilatin, alters fluid balance through
electrolyte and water excretion.

When body-fluid equilibration is challenged during changes in circumstances,
such as posture, water immersion, environmental temperature, and exercise state, the
magnitude of the hydrostatic, osmotic and oncotic pressures involved in body-fluid
control is altered, evoking changes in the distribution of body fluid. In terms of
environmental temperature, the regulation of human body-fluids is vital to
thermoregulation, producing cooling through evaporation, and both cooling and
warming through heat transfer from the circulation. Accordingly, the volume and
distribution of body fluid are sensitive to thermal influence. Certainly, the hydrostatic
and oncotic pressures at the capillary are under environmental influence, thus producing
changes in body-fluid volumes in the form of plasma volume shifts. During mild
thermal changes where skin temperature is influenced, while maintaining a stable core
temperature, the highly sensitive cutaneous veins respond by constricting to cooling and
dilating to warming stimuli (Webb and Shepard, 1968; Harrison et al,

1983).

Venoconstriction causes capillary hydrostatic pressure to rise, favouring net filtration
leading to haemoconcentration, while venodilation causes capillary hydrostatic pressure
to fall, favouring net absorption and haemodilution (Cohn, 1966). During more severe
changes, where core temperature is influenced, cutaneous arteries constrict in response
to cooling, producing net absorption and haemodilution, and dilate with a heating
stimulus, producing net filtration and haemoconcentration.

These thermally-induced effects on body-fluid distribution can be brought about
in response to both air and water environments.

However, irrespective of the

surrounding environmental temperature, the water-induced hydrostatic pressure alone,
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exerted during immersion, produces a redistribution of blood from the lower portions
of the body into the intrathoracic circulation (Arborelius et al, 1972; Greenleaf, 1984).
This translocation of peripheral blood disrupts body-fluid equilibrium between
compartments, generally resulting in increased vascular fluid (Miki et al., 1986;
Hinghofer-Szalkay et ai, 1987; Shiraki et al, 1997). Accordingly, studies which use
water as the medium for inducing thermal strain, must also account for the hydrostatic
pressure effects of the water.

While the effects of exposure on human body-fluid volumes has been extensively
studied in the environmental extremes of heat and altitude (Senay et al., 1976; Surks
et al., 1968) there is very little information to date, pertaining to the effects of cold
exposure on body-fluid regulation. The few available investigations encompassing both
air and water exposures, focus upon the responses of intravascular fluids, which
represent less than 1 0 % of total body water. During exposure to cold air, the general
consensus has been for a decrease in the volume of the intravascular compartment
(Adolph and Molnar, 1946; Bass and Henschel, 1956; Young et al., 1987). However,
the mechanism for such a change has not been defined, and while the decrease provides
an indication of fluid flux, w e do not have a clear understanding of the destination of
this fluid from the intravascular volume. Furthermore, while cold-water immersion also
shows decreases in plasma volume (Young et al, 1987; Deuster et al., 1989; Sramek
et al. 1993), data is lacking regarding the differentiation between those effects which
can be attributed to the cold, and those mediated by the hydrostatic pressure effects of
water.

Moreover, the effects of exercise performed in cold water on body-fluid

volumes have not been identified previously.

Accordingly, the impact of adaptation to cold-water immersion on body-fluid
regulation remains largely unexplored, both at rest and during exercise. The term
adaptation is classified here as a phenotypic modification, since such a transformation
occurs within the lifetime of an organism. N o attempt has been m a d e to quantify all
body-fluid compartments, and little is known about the serial responses of osmotic,
protein or electrolyte balance during such exposures. Moreover, there is a lack of
information regarding fluid-regulatory hormones, particularly the role of atrial
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natriuretic peptide, during repeated cold-water immersions.

It therefore appeared necessary to investigate the whole-body fluid shifts during
acute warm- and cold-water immersion, concurrently with changes in plasma
constituents, and to differentiate between the thermal and hydrostatic effects.
Furthermore, it appeared that such an investigation then needed to be applied to a
repeated cold-water immersion protocol, to determine whether initial changes in body
fluids and plasma constituents would remain constant, or undergo adaptation from the
progression of the repeated-immersion protocol.

1.1 AIMS AND HYPOTHESES
It was the purpose of this investigation to examine the compartmental distribution
of whole-body fluid and changes in plasma constituents, to determine the mechanisms
which account for potential changes in fluid volumes during both acute warm- and coldwater immersion, and then as a result of repeated cold-water immersion at rest and
during exercise.

It was hypothesised that:
1.1.1 Acute warm-water immersion, which induces a central shift in blood volume,
due to the hydrostatic effects of water, would result in an haemodilution, accompanied
by reductions in plasma proteins and electrolyte concentrations.

1.1.2 During an acute warm-water immersion, total body water would remain constant
but would be redistributed, with fluid entering the vascular space from the intracellular
compartment, as evidenced by increased plasma and interstitial fluid volumes, and
plasma potassium concentration.

1.1.3 Acute cold-water immersion would initially produce peripheral venoconstriction,
due to the rapid reduction in skin temperature, leading to an haemoconcentration. The
ensuing peripheral vasoconstriction accompanying core cooling, which produces
increases in central blood volume, would further promote this haemoconcentration.
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1.1.4 T h e fluid leaving the vascular space during the acute cold-water immersion,
would be dispersed into the interstitial compartment due to peripheral venoconstriction,
with the ensuing vasoconstriction inducing a diuretic effect, constituted by reductions
in both intravascular and interstitial fluid.

1.1.5 Initially, during a series of repeated cold-water immersions, plasma aldosterone
would be decreased, and atrial natriuretic peptide would be increased, due to an
elevated central blood volume.

1.1.6 As repeated cold-water immersions continue, the reduction in plasma aldosterone
concentration, and the elevation of plasma atrial natriuretic peptide would be more
pronounced, compared to responses earlier in the immersion series, due to greater
peripheral vasoconstriction.

1.1.7 The enhanced peripheral vasoconstriction following repeated cold-water
immersions, would produce greater reductions in both plasma and interstitial fluid
volumes, leading to an overall decrease in total body water, compared to earlier in the
cold-water immersion series.

These hypotheses were tested using a single warm-water, and both single and
repeated cold-water immersion stresses.

Body fluids were measured using the

simultaneous dilution of radionuclides to measure total body water, extracellular fluid
volume, and red cell volumes, while baseline plasma volume was measured using the
dilution of Evan's blue dye, with subsequent measures derived from changes in
haematocrit and haemoglobin concentrations. The volumes of intracellular, interstitial,
and intravascular fluid were derived from the measured fluid volumes. Plasma protein,
electrolyte, and hormone concentrations, and plasma osmolality were assayed from
separated blood samples. Additionally, core and skin temperatures were measured
using thermometry, while oxygen consumption data was collected with a gas analysis
system. Furthermore, both forearm and skin blood flow were measured using venous
occlusion plethysmography and laser Doppler velocimetry respectively.
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CHAPTER 2: COMPARISON OF BODY-FLUID DISTRIBUTION DURING
ACUTE WARM- AND COLD-WATER IMMERSIONS
2.1 INTRODUCTION
Central-body temperature (Tc) is regulated through the balance between heat
accumulation (metabolic heat production and environmental heat loading) and heat
dissipation. In humans, this temperature is usually regulated within a very narrow
range (35°C to 41°C), within which physiological function is optimal in comparison with
the broad temperature range for terrestrial climates. However, when inadequately
protected humans are exposed to the cold, excessive body heat will be lost to the
environment, and unless heat production is increased and heat loss impaired, T c will
rapidly decrease.

The regulation of human body fluids is vital to thermoregulation, producing
cooling through evaporation, and both cooling and warming through heat transfer from
the circulation. A s a result, the volume and distribution of body fluids are sensitive to
thermal influence. While the effects of exposure on human body-fluid volumes have
been extensively studied in the environmental extremes of heat and altitude, there is
very little information pertaining to the effects of cold exposure on body-fluid
regulation.

This project sought to address the potential changes in body-fluid

distribution during immersion in both w a r m and cold water, and as a result, distinguish
between the hydrostatic and thermal effects of cold-water immersion on body-fluid
regulation.

2.1.1 Cold air exposures

Acute cold-air exposure has been generally reported to decrease the volume of
the intravascular compartment, manifesting itself as a 7-15% reduction in plasma
volume (PV: Bass and Henschel, 1956; Adolph and Molnar, 1946; Young etal., 1987),
and is generally accompanied by increases in plasma osmolality and sodium
concentration. The physiological mechanism responsible for the haemoconcentration
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has not been defined, though it is possibly associated with thermally-induced peripheral
constriction (Harrison, 1985), with an accompanying diuresis and an increase in solute
excretion (natriuresis: Bader et al, 1952; Lennquist, 1972).

The classical theory

attributes the haemoconcentration to a greater diuresis, whereby cold-induced
vasoconstriction increases central blood volume, which stimulates baroreceptors, thus
inhibiting vasopressin secretion, and ultimately reducing P V (Raven et al., 1970;
LeBlanc, 1988). However, in a study where subjects were exposed for 2 hr to cold air
(1°C), Vogelaere et al. (1992) showed the resulting diuresis could not account for the
peak 1 5 % reduction in P V , or the reversal of the haemoconcentration observed during
the 1-hr recovery period.

Alternatively, it was suggested that the cold-induced

haemoconcentration was the result of a redistribution of ions and fluids from the
intravascular to the interstitial space. Such a response would be due to the modification
of capillary exchange, evoked initially by increased peripheral vasoconstriction causing
increased total peripheral resistance and consequently blood pressure (Vogelaere et al.,
1992).

While such a suggestion seems possible, the fluid shift to the interstitium

remains speculative, and w e generally have a poor understanding of the destination of
the fluid lost from the vascular space during cold exposure, and the mechanisms
pertaining to such change. Therefore, the current investigation attempted to quantify
these potential fluid shifts.

2.1.2 Resting immersion exposures

Cold-water immersion presents as an appropriate medium for studying
physiological changes in the cold. Since the thermal conductivity of water (0.0059
kJ-cm^-sec'^C"1) is approximately 25 times greater than that of still air (Buskirk et al.,
1963; Craig and Dvorak, 1966), cold-water immersion produces a more intense
challenge to the thermoregulatory system in a relatively shorter period of time, while
localised tissue damage would be less pronounced during a similar level of strain in
cold air. However, immersion alone produces strain on the body, due to the hydrostatic
effects of water, making our understanding of fluid balance during acute cold-water
immersion even less clear than during cold-air exposures.
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2.1.2.1 Acute thermoneutral water immersion

Upright immersion in thermoneutral water to the level of the neck, results in a
redistribution of blood from the lower portions of the body into the intrathoracic
circulation, resulting in an increase in central blood volume and central venous pressure
(Arborelius et al, 1972; Epstein, 1978; Greenleaf, 1984). Under such conditions,
Arborelius et al. (1972) demonstrated an acute increase in central blood volume of 700
ml, with concomitant increases in central venous pressure (3 to 15 m m H g ) , cardiac
output (32%), stroke volume (35%), andrightatrial and pulmonary arterial transmural
pressure gradients.

Furthermore, it was calculated that the initiation of upright

immersion in normal subjects could result in an acute increase in heart volume of about
180 ml, with the major component being localised in the atria (Lange et al., 1974).
These immersion-induced responses enhance the rate of water and electrolyte excretion
(von A m e l n et al, 1985; Epstein, 1978; Greenleaf, 1984).

This translocation of the vascular volume perturbs the balance of the Starling
forces which regulate fluid flux into, and out of the vascular beds.

Thus, von

Diringshofen (1948) postulated there would exist a net increase in end-capillary
reabsorption of interstitial fluid into the vascular compartment due to an increased
interstitial fluid hydrostatic pressure. Several groups have reported haemodilution
during thermoneutral immersion, as indicated by decreases in haematocrit (Hct), or
decreases in both Hct and haemoglobin concentration ([Hb]: McCally, 1964; Crane and
Harris, 1974; Davis and DuBois, 1977). In contrast, other studies, using similar
thermoneutral conditions, have found increases in Hct corresponding to decreased P V
(Behn et al., 1969; Greenleaf et al., 1980), or no change in Hct levels (Epstein et al.,
1973; Shiraki et al., 1986). These results depend primarily upon preceding posture and
hydration status, and since water temperatures during immersion were similar between
studies, m a y also stem from differences in sampling intervals and immersion duration.

Changes in Hct may occur within the first hour of immersion in thermoneutral
water (Davis and DuBois, 1977; McCally, 1964), corresponding with fluid shifts during
this time period. It is therefore logical that studies be conducted utilising more frequent
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sampling periods, in an attempt to understand the mechanisms for such change.
McCally (1964) reported decreases in Hct and [Hb] within the first 25 min of initiating
an immersion, a slight reversal in the initial decrements by 40 min, back to prestudy
values by 60 min, and significantly elevated by the conclusion of the 6-hr immersion
period. Similarly, Khosla and DuBois (1979) reported a 2 % increase in blood volume
(BV) during the first 20 min of a 1-hr immersion, as represented by a decrease in Hct,
plasma osmolality and plasma protein concentration. D u e to such changes, it was
suggested that the fluid shifted was more hypotonic than interstitial fluid alone,
implying that a shift of intracellular water contributed to the haemodilution. Using
blood and plasma densitometry, Hinghofer-Szalkay et al. (1987) reported P V to be
significantly increased by 15 min of upright immersion, with an 1 1 % increase by 30
min, which was accompanied by increases in the movement of protein into the
intravascular space. M o r e recently, Shiraki et al. (1997) reported that the increase in
P V during the first 20 min of immersion was attributable to an isotonic fluid shift into
the circulation, which returned to control levels within 20 min of recovery.

Khosla and DuBois (1981) subsequently attempted to determine the magnitude
and direction of the shifts in body fluids during the first hour of head-out immersion in
thermoneutral water, by measuring changes in interstitial fluid pressure.

Mean

interstitial fluid pressure decreased, indicating that fluid moved from the interstitial
volume into either the vascular volume or the intracellular volume. In support of this
assumption, Miki et al. (1986) showed that a transvascular pressure gradient, produced
through a rise in interstitial pressure, exceeding capillary pressure, favoured net fluid
movement into the intravascular space by 15 min of immersion in dogs. Furthermore,
Miki et al. (1987) measured extracellular fluid volume ( E C F V ) continuously using [125I]
iothalamate in immersed dogs, and reported a linear increase in E C F V , suggesting the
source of the fluid was from the intracellular compartment.

Various compensatory mechanisms have been studied for the body-fluid
displacement during thermoneutral immersion. However, the literature remains divided
and lacks the comprehensiveness required to quantify potential changes in body fluids.
Generally, thermoneutral immersion producing an increased P V is accompanied by
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suppression of the hormones comprising the renin-angiotensin-aldosterone system
(Crane and Harris, 1974; Nakamitsu et al. 1994; Johansen et al. 1995), suppression of
the vasopressin response (Harrison et al., 1986; Nakamitsu et al., 1994), and increased
levels of atrial natriuretic peptide (ANP: Larsen et al., 1994; Nakamitsu et al., 1994).
These responses have been speculated to be primarily due to the increased central blood
volume, caused by the hydrostatic pressure effect of the water during immersion,
whereby plasma aldosterone and vasopressin suppression, and increased
concentration promote diuresis and natriuresis to counteract the increased P V .

ANP
In

support, graded water immersion studies, which evoke different levels of central venous
pressure, have found significantly greater decreases in plasma aldosterone during water
immersion to the level of the chest, compared to no immersion, and immersion to the
neck, as opposed to the level of the hip (Johansen et al., 1995; Larsen et al., 1994).

While the majority of studies report a suppression of plasma vasopressin during
water immersion (Norsk et al, 1986; Harrison et al, 1986; Nakamitsu et al, 1994),
such a response is usually observed following pre-immersion dehydration, which is
maintained for the duration of the exposures. Although, Larsen et al (1994) reported
significant suppression of vasopressin during a 3-hr immersion to the neck, which
followed hydration with 400 ml of water. In other studies where subjects were more
completely hydrated prior to exposure, plasma vasopressin has been reported to be
unaffected by water immersion (Greenleaf et al, 1983; Ogihara et al, 1986) or m a y
even be increased (Kravik et al, 1984). However, it would appear that the role of
vasopressin in fluid volume regulation is minimal during exposures where arterial blood
pressure is not altered (Cornish and Gilmore, 1982).

2.1.2.2 Acute cold-water immersion

Information concerning body-fluid regulation during acute cold-water immersion
is sparse, and as with thermoneutral immersion experiments, the primary focus has been
upon changes in P V . In the few studies performed however, the general consensus is
for a reduction in P V (between 15 and 2 0 % ) during acute cold-water immersion.
Utilising Hct and [Hb] values, Rochelle and Horvath (1978) reported a 17.6% reduction
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in P V during a 1-hr immersion to the neck in 19°C water. Using a similar method,
with data obtained prior to, and following a 90-min acute immersion test in 18°C water,
Young et al. (1987) reported a 1 7 % reduction in P V . Furthermore, similar reductions
in P V (17%) were observed in divers wearing thermal protection during prolonged
whole-body immersion (6 hr) in cold water (5°C: Deuster et al, 1989). In a more
recent study, Sramek et al. (1993) reported an 1 8 % reduction in P V by 1 hr of
immersion to the fifth intercostal space in 14°C, accompanied by a 1 2 % increase in
protein concentration. Despite differences in the experimental conditions between these
cold-water immersions, pronounced diuresis and natriuresis were evident, similar to that
observed for cold-air exposures and prolonged, thermoneutral water immersions.

While similarities in responses exist as a result of acute cold-water immersion,
determination of the physiological mechanisms responsible for the changes in P V ,
diuresis and natriuresis is difficult. Rochelle and Horvath (1978) suggested that since
the P V loss approximated urine production, P V was lost to the urine, in response to the
redistribution of blood to the more central areas of the body, due to the vasoconstriction
of peripheral vessels. In addition, it was found that the P V decrease was highly
correlated to the body fat of subjects, and it was speculated that the magnitude of the
shift in P V m a y be related to the degree of body cooling.

In the study by Young et al (1987), the 17% reduction in PV during immersion
was compared to a 1 2 % reduction in P V , seen during a similar duration exposure in
cold air (5°C). The hydrostatic pressure of the water was ruled out as a reason for the
difference between the two environments, since subjects were immersed almost supine,
so that the lower extremities were only 25 c m below heart level. A n attempt was made
to find a correlation between shivering and the decrease in P V , reasoning that the
intracellular accumulation of catabolites would increase intracellular anion concentration
or osmolality, and draw fluid from the plasma into the cells (Lundvall et al, 1972).
However, no correlation was found between decreased P V and shivering or diuresis.
In addition, while rectal temperature (Tre) and skin temperatures decreased more during
cold-water immersion, there was no correlation between the core or skin temperature
responses and the P V changes, which refutes the suggestion by Rochelle and Horvath
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(1978), that a greater degree of body cooling m a y cause greater reductions in P V .

Deuster et al (1989) reported that whether the observed decrease in PV
following cold-water exposure was due to the immersion duration, the cold water, or
both, could not be determined from the data collected. However, since T re only
dropped 1°C in the 6-hr exposure, and the study further supported the lack of a
relationship between the magnitude of core cooling and the P V decrease, it was thought
that the immersion served as the primary stimulus for the P V reduction. In accordance
with thermoneutral immersion effects, it was speculated that the reduction in P V was
induced by central hypervolemia, whereby atrial distension caused hormonal
alterations. These alterations include suppression of plasma vasopressin, renin and
aldosterone, and increased A N P levels. While the characteristic responses to A N P are
diuresis and natriuresis (Laragh, 1985), the role of A N P in the renal responses to
immersion remains unclear. Although previous studies show that urodilatin, and analog
of A N P , is more closely associated with sodium excretion (Nakamitsu et al., 1994).
Furthermore, while the P V responses were not studied, Jansky et al. (1996) reported
a 5 0 % decrease in plasma renin activity during a 1-hr immersion in 14°C and suggested
it was induced by the hydrostatic effects of the water rather than the cold temperature,
since similar results have been found during thermoneutral immersion. In contrast,
plasma aldosterone remained unchanged, eluding to the possibility that the cold
temperature countered the effect of hydrostatic pressure, since aldosterone is usually
suppressed during thermoneutral immersion trials. It was further speculated that an
increase in A N P m a y temporarily counter the inhibition of plasma aldosterone
production. Data are needed to distinguish between the effects due to the hydrostatic
effects of just being immersed in water, and those due to the cold temperature. The
current study sought to make such a differentiation.

While previous studies have shown a decrease in PV during cold-water
immersion by 1 hr, w e do not have an understanding of the dynamics of the P V change
within the first hour of cold-water exposure. Intuitively, one m a y expect the peripheral
vasoconstriction suggested by Vogelaere et al (1992) during acute cold-air exposure
should produce an initial increase in P V , prior to renal and hormonal mechanisms
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countering this effect. However, P V has been shown to decrease significantly ( 6 % ) by
5 min of exposure to cold air (Vogelaere et al, 1992). Possibly then, this early P V
reduction m a y be the result of peripheral venoconstriction, since skin temperature was
significantly reduced within the first 5 min, while T re remained constant throughout the
cold-air exposure.

The peripheral veins are more sensitive to changes in skin

temperature than arterioles (Rowell, 1974), and in response to cooling, venoconstriction
will cause capillary hydrostatic pressure to rise, favouring net filtration and
haemoconcentration. Such a possibility remains to be observed in cold water.

2.1.3 Exercise

Measurements of body-fluid regulation during exercise in warm- and cold-water
immersion are extremely limited. During exercise in general, metabolic heat production
is increased, disturbing fluid distribution in the body, due to increased evaporative fluid
loss (Adolph et al, 1969), and the redistribution of blood to the skin to facilitate
conductive and convective cooling (Savard et al, 1988).

During this time, fluid

transfer between compartments m a y occur as a result of changes in hydrostatic and
osmotic forces, with the possibility for both the plasma and erythrocyte volumes to
decrease (see Harrison, 1985 and Senay and Pivarnik, 1985, for reviews), and
intramuscular fluid to increase (Jacobsson and Kjellmer, 1964). High intensity exercise
in air typically causes plasma renin activity, aldosterone, A N P and vasopressin
concentrations to increase (Convertino et al, 1981).

Exposure to moderately cold air induces cutaneous vasoconstriction, which
increases peripheral resistance, and causes a shift of blood from the periphery to the
body core, increasing central blood volume (Rowell, 1986), reducing cardiac frequency
(fc) and increasing arterial pressure (LeBlanc, 1976).

The persistence of the

vasoconstriction during exercise in the cold m a y produce different physiological patterns
to those observed in temperate environments. Therminarias et al (1992) reported
similar decreases in P V and electrolyte concentrations to exercise in a temperate and
cold environment to exhaustion.

However, while all plasma hormones were

significantly elevated after exercise, A N P increased and plasma renin activity decreased
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more during exercise in the cold, possibly as a result of increased central blood volume,
caused by cold-induced cutaneous vasoconstriction.

2.1.3.1 Exercise in thermoneutral water

Exercise during immersion can produce quite dissimilar physiological responses
to those obtained during exercise in air. The greater central blood volume maintained
during immersion is due to elevated cardiac filling pressure and volume, resulting from
the water-induced hydrostatic pressure gradient (Arborelius et al, 1972).

Dynamic

exercise performed during water immersion produces greater right atrial pressure,
pulmonary arterial pressure, left ventricular end-diastolic volume, cardiac output and
stroke volume than exercise performed on land (Sheldahl et al, 1984; Christie et al.,
1990). The resulting diuresis has been shown to decrease P V (Deuster et al, 1989;
Greenleaf et al, 1981), with possible alterations in the cardiac response to exercise,
following such changes.

While in the resting state, water immersion has been shown to decrease plasma
renin activity and aldosterone concentration, increase A N P concentration, and either
decrease or produce no change in plasma vasopressin concentration (see Epstein, 1992
for review). Sheldahl et al. (1992) studied the effect of an increase in central blood
volume with immersion on fluid regulating hormones during cycle exercise at intensities
corresponding to 40, 60, 80 and 1 0 0 % peak oxygen consumption, and during 5 min of
recovery. While osmolality and the concentrations of sodium and potassium did not
differ between land and water exercise, the rise in plasma A N P was greater during
water exercise, and the increases in plasma renin activity, aldosterone and vasopressin
were smaller in the water. The relationship between A N P and the reduction in P V
during exercise was assessed during treadmill exercise in air and with water immersion
(Nagashima et al., 1995), with blood samples collected at exercise intensities of 32, 49,
65 and 7 8 % of peak oxygen consumption. While P V decreased significantly in both
conditions, the decrease during water exercise was greater, corresponding with much
larger increases in A N P concentration, suggesting a relationship with the fluid shift
from the vascular space during exercise.
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However, this relationship remains

speculative, and the importance of hormonal alterations during exercise in water in the
maintenance of body-fluid regulation and electrolyte balance remains largely unknown.

2.1.3.2 Exercise in cold water

With the exception of only one study, the regulation of body fluids during
exercise in cold water has not been explored. Deuster et al (1989) conducted a study
using prolonged whole-body immersion (6 hr) in cold water (5°C) with thermal
protection (dry suits) and intermittent exercise (3 min at the end of every hour or at the
end of 3 and 6 hr). There was marked diuresis associated with a reduction in P V and
increases in urinary excretion of sodium, similar to long-duration (thermoneutral water)
and short-duration (cold water) head-out immersions with no thermal protection.
However, it was suggested as unlikely that the exercise performed contributed
significantly to the drop in P V , since blood samples were not taken until at least 25 min
after the completion of the exercise bouts, which were of very short duration.
Furthermore, nothing is known about the changes in other fluid compartments during
exercise in cold water.

The mechanisms for the general change in the intravascular compartment during
the study by Deuster et al. (1989), are difficult to ascertain, since the hormone analyses
performed were not directly related to fluid regulation (Smith et al, 1990). The stress
hormone Cortisol was measured and although there was diurnal variation, values were
not significantly different as a result of the cold-water immersion exposure. Bonifazi
et al. (1994) evaluated the hormonal responses of swimmers prior to and following an
18-km swimming race (5 hr) in the ocean (21°) and found that while plasma renin
activity and aldosterone did not change, A N P and vasopressin were significantly
increased, which was associated with decreased Hct and increased sodium and
potassium concentrations.

While it was inferred that A N P m a y have exerted a

modulatory effect on other fluid regulating hormones, it is difficult to relate these
findings to other studies, since subjects were in a supine position and consumed fluid
with sodium added throughout the exposure.
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2.1.4 S u m m a r y

While cold-water immersion represents an appropriate medium for studying
physiological responses to the cold, allowing a greater level of strain in a shorter
duration, immersion alone causes a strain on the body. D u e to the hydrostatic effects
of immersion, causing a redistribution of blood from the lower body into the
intrathoracic circulation, our understanding of fluid balance during acute cold-water
immersion remains unclear. Very little attempt has been made to distinguish between
the immersion and cold effects. Studies during immersion in thermoneutral water
present many conflicting results, thus making interpretations difficult. Moreover,
responses during exercise in acute w a r m and cold water remain largely unknown.

Our current understanding of body-fluid changes during acute warm, as well as
acute cold-water immersion, is limited primarily to the more easily measured P V .
However, it represents only approximately 7 % of total body water ( T B W ) and 2 0 % of
the E C F V . Plasma volume changes determined in isolation serve only to quantify fluid
turnover, and do not allow a clear understanding of the sources or destination of this
fluid. Furthermore, little attention has been directed towards investigating electrolyte
concentrations, which account for 90-95% of the osmotically active particles, plasma
proteins or endocrine regulation, in conjunction with changes in body-fluid distribution.
Therefore, w e lack a definitive understanding of the fluid shifts, the mechanisms
regulating possible body-fluid movements, and the role these mechanisms play in acute
warm- and cold-water immersion.

In particular, there is a lack of information

regarding potential fluid shifts within the first hour of cold-water immersion.

As a result, the present study was designed to quantify changes in all body-fluid
compartments, to attempt to determine the source and destination of fluid movement
during acute warm- and cold-water immersion. With the concurrent measurement of
plasma electrolytes, protein, osmolality, and fluid regulatory hormones, w e attempted
to consolidate our understanding of the possible mechanisms which m a y be associated
with fluid shifts. Moreover, this study design distinguishes between the hydrostatic and
thermal components of cold-water immersion, both at rest and during exercise.
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2.2 M E T H O D S

2.2.1 Subjects

Seven healthy active males1 participated as subjects in this study, approv
the University's Human Experimentation Ethics Committee. Females were excluded
due to hormonal fluctuations during the menstrual cycle. Subject characteristics are
listed in Table 2.1. Each subject received a Subject Information Package, provided
informed consent and satisfactorily completed a blood-screening questionnaire before
participating. Body fluids were measured during 90 min of immersion (60 min seated
rest, then 30 min cycling at 1 watt-kg"1) in warm and cold water, using radionuclide
dilution: T B W , ECFV, and erythrocyte volume (RCV). Baseline PV was measured
(Evan's blue dye), with subsequent PV calculated using Hct and [Hb].

2.2.2 Procedures

2.2.2.1 Cold-water stress test

Subjects were exposed to a cold-water stress test (CWST: 18.12°C (S.D. 0.
which involved semi-recumbent immersion to the forth intercostal space with two
phases (i) rest (60 min); (ii) cycling (30 min at 1 watt-kg1). This intensity was chosen
as a representation of the activity level of naval divers. The mean air temperature was
21.33°C (S.D. 0.93), with black globe temperature within 1.5°C of the air temperature.
Wind velocity was less than 0.1 ms"1 (SK, Ogawa Seiki Co. Ltd., Tokyo, Japan). The
immersion tank (height 1.2 m, width 1.1m, and length 2 m ) was constructed with
marine ply wood, reinforced with an angle-iron frame, with a pool liner inserted. The
immersion depth of the subjects was dictated by the necessity to have both arms out of
the water and supported by a wooden tray across the tank. This was to allow the
measurement of forearm blood flow (QF) and skin blood flow (QSk), and a blood
sampling catheter, inserted in therightarm, to be held above the water. The water-

'Eight subjects were originally recruited, with one withdrawal due to ill
unrelated to the study.
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Table 2.1 Physical characteristics of subjects
Subject

Age (yr)

Height (cm)

Mass (kg)

E8skf ( m m )

si

19

169.9

70.27

139.1

s2

24

168.0

68.26

94.1

s3

21

184.0

79.17

113.6

s4

43

186.0

81.37

89.1

s5

27

183.0

79.99

129.9

s6

19

178.0

74.45

94.0

s7

19

169.0

65.01

91.7

Mean

24.6

176.84

74.07

107.36

S.D.

8.7

7.77

6.39

20.36

Abbreviations: E8skf = sum of eight skinfold sites (biceps, triceps, subscapular,
midaxillary, suprailiac, abdominal, thigh, and calf skinfold thickness); S.D. = standard
deviation.
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cooling unit, consisting of a condensing unit (AH-0350-MHZ, Lovelock Luke,
Australia) and a heat-exchanger (CN-2, Aqua Systems Inc., Australia), and the heating
unit (415V Immersion Heater, Ice-Tech Air, Pty. Ltd., Australia) was coupled to a
p u m p (Model 413, Onga, Melbourne, Australia) with a water flow rate of 1.5 1-sec"1.
Exercise was performed on an electronically-braked underwater cycle ergometer
(Collins Pedalmate, Warren E. Collins, Inc., Massachusetts, U.S.A.), sealed in a
pressurised perspex box.

Measurements during the testing included: body-fluid volumes, haematological
variables (Hct, [Hb], plasma sodium, protein, potassium, chloride concentrations,
osmolality), plasma hormones (ANP, aldosterone, and Cortisol), urine volume, T c
(oesophageal, rectal, aural), skin temperatures,/, oxygen consumption (V 0 2 ), Q F , Qsk
and change in mass.

Body-fluid volumes were measured simultaneously using radionuclides: (i) TBW
(150 /xCi tritium); (ii) E C F V (20 (JLCI sodium-radiobromide); and (iii) R C V (autologous
erythrocytes with 5 /xCi sodium-radiochromate). Baseline P V was measured using
Evan's blue dye (T-1824) technique, with subsequent volumes calculated from changes
in Hct and [Hb].

Derived volumes included: blood volume ( B V = R C V + P V ) ;

intracellular fluid volume (ICW=TBW-corrected E C F V ) ; and interstitial fluid volume
( I F V = E C F V - P V ) . Blood samples for body-fluid determination were drawn at 30, 60
and 180 min post-infusion, to confirm tracer equilibration and establish initial values,
then 5, 15, 25, 45, 59, 65, 75, and 89 min after immersion, followed by saline volume
replacements. Plasma electrolytes, osmolality, and protein were also sampled at these
time intervals. Plasma hormones were sampled at 0, 59, and 89 min, with aldosterone
also sampled at 25 min. A minimum amount of 195 ml of blood was drawn during
each trial in total. Urine volume and change in mass were measured prior to, and
immediately following immersion.

Core (oesophagus, rectum, and auditory canal) and skin temperatures were
measured at 1 H z , while fe was measured at 0.2 Hz.

Oxygen consumption was

measured every 10 min during immersion for 3 min intervals. Skin blood flow (laser
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Doppler velocimetry) and Q F (venous occlusion plethysmography) were measured (20
H z ) every 10 min for 5 min, where Q S k was taken as the first 3 min of every 5 and Q F
the last 2 min (to reduce artefact from cuff inflation during plethysmography).

2.2.2.2 Warm-water stress test

Subjects were exposed to a warm-water stress test (WWST) at least 30 d
following the C W S T to determine the hydrostatic effects on body-fluid distribution,
therefore allowing the distinction between the cold and the immersion stressors. The
warm-water (33.31°C (S.D. 0.55)) tests involved semi-recumbent immersion to the forth
intercostal space with two phases (i) rest (60 min); (ii) cycling (30 min at 1 watt-kg1).
Measurements during the testing were identical to those performed during the C W S T s
(see Section 2.2.2.1).

2.2.2.3 Experimental standardisation

To ensure that testing was performed with minimal influence from extraneous
factors, subjects were asked to refrain from strenuous exercise (apart from that
demanded by the experiment), and to abstain from the consumption of food, alcohol and
caffeine within 12 hr of each experiment. This information was documented in the
subject information package.

Subjects were also required to consume a standard

breakfast, containing approximately 38 kJ-kg1 of body mass, supplemented by 5 ml-kg"1
of water and 2 ml-kg"1 of orange juice, to ensure subjects were euhydrated before
testing commenced. T o minimise acclimatisation effects, the C W S T s were conducted
during late April, corresponding to the Southern Hemisphere autumn, with a daily
average air temperature of 19.10°C (S.D. 2.20). The W W S T s were performed during
early August (12.99°C (S.D. 1.78)). Furthermore, stress tests for each subject were
performed at the same time of day to control for circadian shifts in measured variables.

2.2.2.4 Subject preparation

Subjects arrived at the laboratory in a rested state. Initially, subjects were asked
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to void to obtain a background urine reference for radiation counting. Mass and height
were also obtained during this time. Following 10 min of seated rest, a butterfly needle
was inserted into an antecubital vein and 34 ml of blood were collected without stasis.
O f this volume, 10 ml were treated with ethylenediamine tetra-acetic acid ( E D T A : 1.8
m g m l 1 of blood) and stored as a radiation-background reference, and 10 ml were
treated with 1 0 % citrate phosphate dextrose adenine solution (CPD-A), for use in the
preparation of R C V measurement (see Section 2.2.3.1), while 14 ml were collected
(lithium-heparin 15 L U heparin-ml"1 of blood) for P V background reference. The
butterfly needle was then removed. The subjects then ingested tritium orally (150 fxCi
of tritiated water, 3 H 2 0 ; Amersham Australia, T R S 7 5 mCi-ml).

The dose was

followed with a small amount of water, weighed to a precision of O.OOlg (FX-3200
Electronic Balance, A & D Co. Ltd., Tokyo, Japan). The mid-time of this ingestion
dictated the time that subjects were to begin the immersion exposure, due to the 4-hr
equilibration required for 3 H 2 0 .

Following the 3H20 ingestion, a 21-gauge catheter, attached to a 15 cm length
of teflon tubing, was inserted into a left antecubital vein and secured with a covering
of adhesive plaster (Opsite Flexigrid, Smith & Nephew, Hull, England).

Venous

placement was confirmed by the ease of blood flow through the tubing. The dead-space
of the combined catheter and tubing was less than 1 ml. A second butterfly needle was
then placed in an anticubital vein in the right arm for administration of Evan's blue dye
(2.5 ml; Evans Blue Injection, 25 mg-5 ml, N e w World Trading Corporation, U.S.A.)
for the determination of P V . The mid-time of the injection was considered as the
commencement of assessment for resting P V . The line was flushed with a minimum
of 15 ml of isotonic saline (sodium chloride injection B P 0.9%), sufficient to remove
all visible traces of the dye. The butterfly needle was then removed from the right
arm. At each 10 min following the injection for the next 30 min, a 7-ml (lithiumheparin 15 I. U. heparin-ml"1 of blood) blood sample was drawn from the catheter, along
with 2 ml (potassium-EDTA 1.6 mg-ml"1 of blood) for the determination of Hct and
[Hb]. The line was flushed with an equal volume of isotonic saline (sodium chloride
injection B P 0.9%), followed by 2 ml of heparinised saline (50 L U . -5 ml) to keep the
line patent. The standard breakfast was then provided (see Section 2.2.2.3).
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Approximately 20 min following breakfast, the radionuclide injections were
administered, via the catheter, within a 20-s period. Twenty microcuries of sodium
radiobromine (Na 82 Br; Australian Radioisotopes, B R 2 M 2 2.1 mCi) and 5 p.Ci of sodium
radiochromated autologous erythrocytes (Na51Cr; Australian Radioisotopes, C R 1 M 4 0.1
m C i ; see Section 2.2.3.1), were injected sequentially, to measure E C F V and R C V
respectively.

The midtime of the Na 82 Br injection was considered as the

commencement of assessment. The catheter was flushed immediately following the
injections with 15 ml of isotonic saline (sodium chloride injection B P 0.9%) to remove
visual traces of erythrocytes, followed by 5 ml of heparinised saline (50 I.U.-ml"1).
The total flush was considered sufficient to clear the catheter of radionuclides,
rendering it suitable for subsequent blood sampling (Ladegaard-Pedersen & Engell,
1969).

Six-millilitre blood samples were collected after 30 and 60 min (potassiumE D T A 1.6 mg-ml 1 of blood) of radionuclide administration, without stasis and with the
forearm at approximately heart level, to check for the chromium tracer equilibration and
to measure Hct and [Hb]. Before each sample, 3 ml of fluid were removed from the
catheter and discarded, and following each sample, the catheter was flushed with 7 ml
of isotonic saline (sodium chloride injection B P 0.9%), followed by 3 ml of heparinised
saline (50 LU.-5 ml).

One hour prior to immersion, a pre-immersion mass was obtained and subjects
were instrumented with the equipment for temperature, urine collection, oxygen
consumption and blood flow measurement. This equipment included; rectal probe and
condom catheter, eight skin thermistors, sporttester, auditory canal probe, and
oesophageal probe. Subjects inserted their o w n thermistor, for the measurement of Tre,
to a predetermined depth of 12 cm. A n / C monitor was then fitted around the chest and
skin thermistors were attached at eight sites with a single layer of waterproof tape, with
dimensions of approximately 2 c m by 2 cm. The auditory canal thermistor was inserted
to a depth of 1 c m into therightear, insulated with a wad of cotton wool and held in
place by porous tape. Coordinates for the laser probe site for the measurement of Q S k
were established on the left forearm, as the point 11 c m distal to the radial tuberosity,
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on a line between the radial tuberosity and the head of the radius (Cotter et al, 1993).
These coordinates were adhered to for both the W W S T and C W S T . U p o n site location,
a plastic holder was cemented to the skin (Collodion®, Mavidon Medical Products,
U.S.A.), to allow the laser probe to sit precisely on the surface, and removing pressure
artefacts. In addition, the largest circumference of the left forearm was found and
marked for strain gauge placement, used during venous occlusion plethysmography.
The headset for V 0 2 data collection, was also fitted for comfort for use throughout the
immersion exposure. Lastly, the oesophageal probe was inserted to a predetermined
depth based on sitting height, allowing an identical position between trials (see Section
2.2.5.4). Pre-immersion baseline measurements for these variables were then collected
for a 5-min period with the subject seated at rest beside the immersion tank.

Just prior to immersion, 18.7 ml of blood were collected for the pre-immersion
baseline measurement of: radionuclides (9 ml; potassium-EDTA 1.6 mg-ml"1 of blood),
Hct and [Hb] (2 ml; potassium-EDTA 1.6 mg-ml"1 of blood), A N P (2.7 ml; potassiumEDTA

1.6 mg-ml 1 of blood treated with aprotinin 500 I.U.-ml"1), electrolytes,

osmolality, Cortisol, and aldosterone (5 ml; lithium-heparin 15 L U . heparin m l 1 of
blood). A urine void was collected and measured volumetrically to a precision of 5 ml.

Following baseline measurements, subjects were transferred quickly to the
immersion tank for commencement of the thermal exposure period. Blood samples
identical to those taken during the pre-immersion baseline period, were collected
without stasis at 59 and 89 min. At the time intervals of 5, 15, 25, 45, 65 and 75 min
plasma hormone samples were not collected (with the exception of aldosterone at 25
min), therefore blood samples were reduced to: radionuclides (5 ml; potassium-EDTA
1.6 mg-ml 1 of blood), Hct and [Hb] (2 ml; potassium-EDTA 1.6 mg-ml'1 of blood),
electrolytes and osmolality (4 ml; lithium-heparin 15 L U . heparin-ml1 of blood). The
test was terminated at 90 min, or prior if any T c site decreased to 35°C for more than
1 min. Equipment was removed immediately (except condom catheter, rectal probe and
blood catheter), a post-immersion mass was obtained along with a urine volume.
Following the C W S T , subjects were rewarmed with dry towels, clothes and a heater.
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2.2.3 Radionuclide preparations

The radionuclide injections were prepared under sterile conditions, in accord
with the N e w South Wales Department of Health's Code of Safe Practice (1987), using
slightly modified procedures (after Spears et al, 1974) developed with, and approved
by the Illawarra Regional Hospital's Haematology Service ( M a w & Comer, 1993;
Appendix A ) .

2.2.3.1 Erythrocyte labelling

The 10 ml of CPD-A treated blood were centrifuged for 10 min at 1500 g. The
supernatant and buffy coat were then removed, and 5 ^iCi of Na 5 1 Cr was gently mixed
with the remaining erythrocytes. The mixture was incubated for 30 min at room
temperature under a sterile fume cabinet, to facilitate chromium labelling of the cells.
The erythrocytes were then washed three times to remove free radiochromate (51Cr).
O n each occasion, the cells were gently mixed with approximately 10 ml of isotonic
saline and centrifuged for 10 min at 1500 g; the supernatant was removed and the
procedure was repeated. After washing, the packed erythrocytes were resuspended in
isotonic saline, to a combined volume of approximately 10 ml, which was drawn into
a syringe ready for injection. Twenty microcuries of Na 82 Br, was drawn into a similar
syringe, also ready for injection.

2.2.3.2 Radionuclide standards

Approximately 0.5 ml of the radiochromated erythrocyte preparation was diluted
with distilled water, to a combined volume of 250 ml. This dilution was chosen to
approximate that expected for the remaining radiochromated erythrocytes after their
equilibration in the body ( M a w , 1994).

The exact dilution was determined

gravimetrically, by weighing the syringe before and after expulsion, to a precision of
0.0001 g (ER-182A Electronic Balance, A & D Co. Ltd., Tokyo, Japan).

A 1-ml

aliquot, determined volumetrically, was then removed from the dilution and stored in
a plastic vial as the51Cr-dose standard. Tritium ( 3 H), and radiobromine (82Br) standards
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were similarly prepared by diluting approximately 0.1 ml of the 3 H 2 0 and Na 8 2 Br
preparations with distilled water, to a volume of 500 ml in both instances. The
standards were later used to determine the exact injected doses of the three
radionuclides, in the calculation of respective compartmental fluid volumes (see Section
2.2.4.3).

2.2.4 Blood and urine analyses

2.2.4.1 Radionuclides

Following the separation of plasma from erythrocytes for hormones, blood
samples were then centrifuged for 40 min at 1500 g for radionuclide separation (see
Figure 2.1 for sample handling). The resultant plasma was considered to be free of
platelets, while trapped plasma was taken as 2 % of the packed erythrocytes (after
Chaplin & Mollison, 1952). One-millilitre aliquots of plasma and erythrocytes were
dispensed from each blood sample into plastic vials, and refrigerated at 4°C pending
gamma-radiation (7) counting; a 1-ml aliquot from each urine sample was similarly
stored.

Erythrocyte aliquots were haemolysed prior to storage, using a trace of

powdered saponin ( B D H , Merck Pty. Ltd., Kilsyth, Victoria). A 0.5-ml aliquot of the
3

H standard was dispensed into a plastic vial and stored. Plasma sample preparation

for beta-radiation (/3) counting was delayed for two weeks pending the decay of 82Br.
Following this period, 0.5-ml aliquots of plasma and urine were dispensed from the 1ml aliquots used for 7 counting into 20 ml glass vials. Preparation for /3 counting
involved vigorously mixing each aliquot with 0.05 ml of 1 molar hydrochloric acid, to
solubilise all solid tissues, followed by 10 ml of a commercially prepared, aqueous
liquid scintillation cocktail (Starscint, Packard Inc., Canberra, Australia).

2.2.4.1.1 Radiation counting

Tritium activity was counted using a liquid scintillation counter (Wallac 1409,
Wallac S Y S T E M 1 4 0 0 ™ series of D S A liquid scintillation counters, Turku, Finland),
while 82 Br and 51 Cr were counted using a well-type 7 scintillation counter (Wallac 1480,
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Blood sample ( E D T A )
1
Centrifuge sample (1500 g, 40 min, 4°C)
/

\

Separate 1 ml plasma

Separate 1 ml red cells

1

1

Count plasma sample for 82Br

Haemolyse sample (saponin)

1

\

Count red cell sample for 82Br

Store plasma sample (14 d, 4°C)

I

1

Store red cell sample (14 d, 4°C)

Separate 0.5 ml plasma
1
Add 50

\
JKL

Count red cell sample for 51Cr

HC1

I
Add liquid scintillation cocktail (10 ml)
1
Count solution for 3 H

Figure 2.1: Flow diagram of blood sample handling for determination of body-fluid
volumes.
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W I Z A R D ™ 3 " G a m m a Counter, Turku, Finland). The 7 scintillation counter was
automatic, based on the 4 T geometry of a well type detector and designed for counting
high energy samples (up to 2000 ke V ) . The detector assembly was surrounded by a
m i n i m u m of 75 m m of lead, shielding against samples on the conveyor. Prior to
counting, normalisation was performed on each isotope, and was the process of
optimising the detector gain and window for each isotope. Therefore, the optimum
efficiency and background ratio were achieved allowing the counter to make these
corrections automatically during counting. The procedure involved measuring a single
label sample for each isotope to be used in a particular energy range. Since 51 Cr was
normalised during installation, this procedure was only required for 82Br.

The liquid scintillation counter, used to measure 3H, was also automated and
specifications for counting 3 H were factory installed, therefore the basic protocol was
pre-programmed into the counter. Since counting in disintergrations per minute was
used for the determination of T B W , the pre-programmed quench library was fine tuned
for m a x i m u m counting efficiency. This was achieved by specifying the counting mode,
quench index, isotope, vial type and cocktail type.

The counter combines this

information with the pre-programmed information to create a fine tuned quench data
library applied to the sample tubes during counting.

Radiobromine was counted on the day of assessment, with all other counting
delayed for 14 d, pending the decay of 82Br. M a w (1994) reported that after 14 d, due
to its half-life of 35.6 hr, 82Br had decayed to approximately 0.14% of its original
activity, and was therefore undetectable in the presence of other radionuclides. All
tubes were counted once for a duration of 15 min per tube, which was ample to produce
at least 10,000 counts or twice the background sample counts.

2.2.4.2 Evan's blue dye

Following blood collection at 10, 20 and 30 min post Evan's blue injection
(lithium-heparin 15 L U . heparin-ml"1 of blood), background and post-injection samples
were centrifuged for 40 min at 1500 g and 4°C. Plasma was separated into 5 ml plastic
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tubes and stored at 4°C pending the determination of resting P V the same day as
collection. O n a few occasions, P V could not be determined on the same day and was
stored at 4°C pending analysis. Samples have been reported previously to remain stable
up to 2 w k following collection (Dr. Andrew C. Ertl, Vanderbilt University Medical
Center, T N , U.S.A., 1996; personal communication). In the present study, analysis
was performed within 48 hr of blood collection.

The determination of PV is based on the coupling of Evan's blue dye to plasma
albumin (Gregersen etal, 1935) and subsequently measured using a spectrophotometer.
Since the measurement of dye diluted in untreated plasma is liable to errors caused by
lipemia, or other interfering substances which absorb at the same wavelength (615 n m ) ,
the technique had been improved by using a detergent to displace the dye from albumin
and a cellulose pulp matrix to absorb unbound dye (Allen, 1951; Campbell et al,
1958). This column technique was utilised in the present study.

2.2.4.2.1 Column elution profile

To ensure the column technique was operating correctly in this laboratory, an
elution profile was performed using the exact method to be followed on the plasma
samples in the current study. The profiles of the standard (Figure 2.2A) and the 10 min
post Evan's blue dye injection (Figure 2.2B) were established, and show the ability of
each column to extract plasma protein initially, followed by the elution of the dye for
the determination of P V . The standard procedure for separation and extraction using
the columns was performed (see appendix D for detail). Briefly, 1 ml of plasma was
initially mixed with 15 ml of detergent (1.5 g sodium dodecyl sulphate and 20 g
N a 2 H P 0 4 ; B D H , Merck Pty. Ltd., Kilsyth, Victoria; dissolved in 1000 ml distilled
water), then transferred to a pre-treated column and allowed to drip approximately once
per second, followed by another 5 ml of detergent. Following this, 10 ml of a salt
solution (20 g N a 2 H P 0 4 ; B D H , Merck Pty. Ltd., Kilsyth, Victoria; dissolved in 1000
ml distilled water) was added to the column and allowed to pass through. The column
was then eluted immediately with a 1:1 acetone-water solution ( B D H , Merck Pty. Ltd.,
Kilsyth, Victoria). T o determine the column profiles, samples of the solution leaving
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Figure 2.2: Column elution profile for plasma protein and Evan's blue dye in a
standard column (2.2A) and a plasma sample column (2.2B).
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the column were collected in separate 5-ml vials until the mixture of the detergent and
plasma, followed by the salt solution, had run through. Once the acetone solution was
added to the top of the column, separate samples were collected every 1 ml. Samples
were measured at an absorbance of 615 n m with a spectrophotometer (Shimadzu U V 1601, UV-visible spectrophotometer, Japan), to determine dye extraction from the
column (see Appendix D for detail). Lowry's method of protein determination (Lowry
et al., 1954; see Appendix C for detail) was used to ensure the detergent was removing
albumin from the dye.

2.2.4.3 Determination of compartmental fluid volumes

The calculation of the respective fluid volumes followed the general principle of
dilution, whereby an unknown volume is determined by comparing the volume and
concentration of a known tracer with its subsequent concentration in the unknown
space. In determining T B W and E C F V , corrections were made for the fluid displaced
from the plasma aliquots by the presence of protein. The protein displacement factor
(d) was calculated as (after Chien & Gregersen, 1962):

d

_ 100 - (0.073*\PP]) m
100

where: \PP\ = plasma protein concentration;
0.73 = liquid displaced by 1 g m of protein in 100 ml of plasma (ml).
2.2.4.3.1 Total body water

Total body water was calculated from the 3H concentration ([3H]) in the
respective plasma sample collected, corrected for the presence of plasma protein, and
for the loss of 3 H in urine. The volume and radioactivity of the urine loss during
immersion was based on the assumption that the rate of urine formation was linear,
with the volume and counts at each sampling interval determined as a fraction of the
90-min urine sample corresponding to the time elapsed at each corresponding body-fluid
sampling time. Thus T B W was calculated as (after Chien & Gregersen, 1962):
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TBW = d

{SH*Sd*Sv) - {UV*UH)\

(2)

PH

where: d = protein displacement factor;
S H = [3H] of the 3 H standard;
S d = dilution of the 3 H standard (see Section 2.2.3.2);
S v = volume of the 3 H 2 0 injection;
U v = volume of urine collected;
U H = [ 3 H] in the urine collected;
P H = [3H] in the plasma aliquot.

2.2.4.3.2 Extracellular fluid volume

Extracellular fluid volume was calculated from the 82Br concentration ([82Br]) in
the plasma, corrected for the presence of plasma protein, for the loss of 82 Br in
erythrocytes and urine, and for the Gibbs-Donnan electrolyte balance. Erythrocyte and
urine [82Br] were themselves corrected for the presence of 51Cr, using the ratio (c)

between the radioactivity of the 51Cr standard detected in the 82Br energy range and tha
detected in the 51Cr range. The Gibbs-Donnan ratio (r) was taken as 1.02 (Manery,
1954). Thus ECFV was calculated as (after Chien & Gregersen, 1962):

ECFV =

d((.SB*Sd»Sv) - Uy(UB-cUc) -RCV(EB-cEc)
r

py

+ PV

PB
where: d = protein displacement factor;
r = Gibbs-Donnan ratio;
S B = [82Br] of the 82 Br standard;
S d = dilution of the 82Br standard (see Section 2.2.3.2);
S v = volume of the Na 82 Br injection;
U v = volume of urine collected;
U B = [82Br] in the urine collected;
c = the ratio of 51 Cr detected in the 82Br and 51 Cr energy ranges;
U c = [51Cr] in the urine collected;
R C V = erythrocyte volume (see Section 2.2.4.3.3);
Eg = [82Br] in the erythrocyte aliquot;
E c = [51Cr] in the erythrocyte aliquot;
P B = [82Br] in the plasma aliquot;
P V = plasma volume (see Section 2.2.4.3.4).
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(3)

2.2.4.3.3 Erythrocyte volume

Red cell volume was calculated from the 51 Cr concentration ([51Cr]) in the
plasma, corrected for 51 Cr urine loss. Red cell volume was thus calculated as (after
Chien & Gregersen, 1962):

RCV = Vc*s**sv) - <fjc*uv)
E

(4)

c

where: Sc = [51Cr] of the 51Cr standard;
S d = dilution of the 51 Cr standard (see Section 2.2.3.2);
S v = volume of the Na 5 1 Cr injection;
U c = [51Cr] in the urine collected;
U v = volume of urine collected;
E c = [51Cr] in the erythrocyte aliquots.
Due to technical difficulties using Na51Cr, whereby an inadequate concentration
of the tracer was used during the dilution process, R C V was not determined directly in
five of the seven trials during the C W S T . In an attempt to produce data comparable
to the volumes determined successfully using Na 51 Cr, R C V was determined indirectly
using P V and Hct. Thus, R C V was calculated indirectly as (after Whipple et al,
1920):

RCV={

Hct

)*PV (5)
{(I-Hct))

where: RCV = red cell volume;
Hct = haematocrit;
P V = plasma volume.

However, the correlation calculated between the direct and indirect measures was
relatively poor (r=0.24).

Therefore, R C V for statistical analysis was determined

indirectly for all trials.
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2.2.4.3.4 Plasma volume

Resting P V was calculated from the blood sample taken 10 min following

injection of the Evan's blue dye. Occasionally there was a problem with this sample
and the 20 min post injection sample was used. Resting PV was thus calculated as
(after Campbell et al, 1958):

PV = t*L (6)
((€,-€,)* 1.03)

where: V = volume of Evan's blue dye injected;
D = dilution of the standard sample;
v = volume of sample extracted (1 ml);
estd = absorbance of the standard sample;
epl = absorbance of the test blood sample;
eb = absorbance of the blank blood sample;
1.03 = correction factor for uptake of dye by the tissues (3%).

Subsequent volumes were calculated using the percent change in P V as derived
from changes in Hct and [Hb]. While this method assumes the F-cell ratio remains,

Maw (1994) found this method to accurately reflect the magnitude of acute changes i
the intravascular fluid volume, measured using radionuclide dilution during postural and
thermal manipulations. The percent change could then be transformed to an absolute
PV by using the resting PV established using the Evan's blue dye technique. The
percent change in PV (APV) was thus calculated as (after Dill and Costill, 1974):

t\PV =

[Hbb]*(\-Hcta)\
[Hba]*{l-Hctb))

11

{

* 100%

(7)

)

where: [Hb] b = initial haemoglobin concentration;
[Hb] a = haemoglobin concentration at time during immersion;
Hctb = initial venous haematocrit;
Hcta = venous haematocrit at time during immersion.
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Absolute P V was thus calculated as:

PV = \zzz-L\xbaseline PV

(8)

i 100 J
where: PV = plasma volume;
A P V = % change in plasma volume.

2.2.4.3.5 Intracellular, interstitial, and total blood volumes

Intracellular water volume was calculated as the difference between TBW and
extracellular water volume ( E C W ) , where E C W was first calculated by adjusting E C F V
for the presence of all plasma solutes (after Chien and Gregersen (1962):

ECW = ECFV - PV(\ -d) (9)
where: ECFV = extracellular fluid volume;
P V = plasma volume;
d = protein displacement factor.

Interstitial fluid volume was calculated as the difference between ECFV and PV,
and total B V was calculated as the sum of P V and R C V .

2.2.4.4 Plasma hormones

All plasma hormone analyses were performed in duplicate and were based on
the radioimmunoassay technique. In principle, a sample which contains an unknown
amount of a particular substance to be assayed (unlabelled antigen) is combined with
a standard amount of a labelled derivative of the same substance (labelled antigen).
Consequently, the labelled and unlabelled antigens then compete for the limited number
of high affinity binding sites of the antibody. Following the separation of the free
antigen, the amount of labelled antigen in the sample tube is inversely proportional to
the concentration of the unlabelled antigen. The actual concentrations in unknown
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samples are calculated by means of a standard curve based on known concentrations of
unlabelled antigen analysed in conjunction with the unknown samples.

2.2.4.4.1 Atrial natriuretic peptide

Blood samples were collected in pre-chilled tubes (potassium-EDTA 1.6 mg-ml1
of blood treated with Aprotinin 5001. U. ml) and centrifuged for 15 min at 1500 g and
4°C immediately following collection. Plasma was separated (1.1 ml) from the red cells
for analysis and stored at -70°C.

Analysis of A N P

was performed using

radioimmunoassay kits (General protocol for radioimmunoassay kit, ®Peninsula
Laboratories, Inc., C A , U.S.A.).

Since the particular radioimmunoassay kit used was designed to quantify the
peptide in an assay buffer, accurate results m a y be difficult to obtain when the peptide
is left suspended in plasma, due to the different assay matrix. T o alleviate this potential
problem, 1 ml samples underwent an extraction procedure to remove the peptide from
the plasma.

All extractions were performed at 4°C. The procedure involved the

equilibration of a S E P - C O L U M N (®Peninsula Laboratories, Inc., C A , U.S. A.) for each
sample collected, containing 200 m g of C l g (®Peninsula Laboratories, Inc., C A ,
U.S.A.), with 1 ml of 6 0 % acetonitrile containing 1 % trifluoroacetic in distilled water,
followed by 9 ml of 1 % trifluoroacetic acid in distilled water. While the column was
equilibrating, 1 ml of 1 % trifluoroacetic acid in distilled water was added to the 1 ml
plasma sample and centrifuged at 11000 g, 4°C for 20 min. At the completion of
column equilibration, the plasma solution was loaded onto the column and allowed to
pass through. Following this, the column was washed with 6 ml of 1 % trifluoroacetic
acid in distilled water and the wash discarded. The peptide was then eluted with 3 ml
6 0 % acetonitrile containing 1 % trifluoroacetic acid in distilled water and collected in
a polypropylene tube. The 3 ml eluent was divided into two 1.5 ml ependorf tubes for
duplicate measurements of each sample and evaporated to dryness using a centrifugal
concentrator (SCI 10 Speed Vac®, Savant Instruments Inc. N Y , U.S.A.) with a
refrigerated vapour trap (RVT100, Savant Instruments Inc. N Y , U.S.A.). The residue
in each tube was dissolved in 125 yiL of radioimmunoassay buffer, amounting to 250
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uh for the original 1 ml sample, and centrifuged at 11000 g at 4°C for 20 min.

The radioimmunoassay to quantify ANP in plasma was a 3-d procedure. On day
one, tubes for total counts, non-specific binding, total binding, standard A N P
concentrations (64, 32, 16, 8, 4, 2, 1, and 0.1 pgtube1), and unknown samples were
labelled in duplicate. T w o hundred microlitres of buffer was pipetted into the total
counts and non-specific binding tubes and 100 uh of buffer was pipetted into the total
binding tubes. One hundred microlitres of each standard and reconstituted samples
were then pipetted into the respective tubes. Following this, 100 ^iL of rabbit antipeptide serum (primary antibody) was added to all tubes except the total counts and
non-specific binding tubes. The contents were vortexed and incubated at 4°C for 24 hr.

On day two of the assay, 100 uL of

125

I peptide was added to all tubes, which

were vortexed and incubated for a further 24 hr period at 4°C. The final day involved
the addition of 100 /xL each of goat anti-rabbit IgG serum and normal rabbit serum to
each tube. The tubes were vortexed and incubated at room temperature for 90 min.
Five hundred microlitres of the radioimmunoassay buffer was then added, the tubes
vortexed and then centrifuged for 20 min at 1700 g, producing a supernatant and a
pellet. The supernatant was aspirated manually from all tubes, except the total count
tubes, using a separate pipette for each tube, and radioactivity of the remaining pellets
was determined in a well-type 7 scintillation counter (Wallac 1480, W I Z A R D ™ 3 "
G a m m a Counter, Turku, Finland).

Calculation of the ANP values was determined from the standard curve (semilogarithmic scale) produced through the calculation of the binding of the serum
standards as a percentage of the maximum possible binding, once all duplicate tubes
were averaged (%BB0).

%BB0

' (cpm for respective tube -cpm for NSB)
^
* 100
(cpm for TC -cpm for NSB)
v
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(10)

where: c p m = counts per min;
N S B = non-specific binding;
T C = total counts;
100 = volume in analysed sample (tiL)

The standard curve was generated on a semi-logarithmic scale where the %BB0
was plotted against the log of the standard concentrations of the peptide and a third
order polynomial was fit to the plot to obtain the characteristics of the curve (Figure
2.3A for example curve). Following this, the % B B 0 calculated for each unknown
sample was substituted into the equation and the concentration of the peptide of the
sample was determined in pgtube 1 . T o calculate the amount of A N P in the original
1 m l sample, the value in pgtube"1 was multiplied by 2.5 to account for the dilution
factor used to prepare the sample for assay. Hence, data was presented in pg-ml 1 .

2.2.4.4.2 Aldosterone

Blood was collected for the determination of aldosterone levels (lithium-heparin
15 L U . heparin-ml"1 of blood) and centrifuged for 15 min at 1500 g and 4°C. Five
hundred microlitres of plasma was separated from red cells in each tube and stored at
-70°C pending analysis.

Analysis was performed using the Aldosterone direct

radioimmunoassay kit (Aldosterone direct radioimmunoassay kit, Biotecx Laboratories,
Inc., Texas, U.S.A.). The intra-assay coefficient of variation was 7.7% and the interassay coefficient of variation was 6.9%. The sensitivity of the method was 10 pg-ml"1,
representing the lowest detectable level of aldosterone that can be distinguished from
the zero standard at the 9 5 % confidence limit (Biotecx Laboratories, Inc.)

The method involved pipetting 200 uL of standards (2000, 1000, 500, 250, 100,
25, and 0 pg-ml"1), two control Cortisol concentrations (65 and 555 pg-ml 1 ), and plasma
samples into appropriately labelled assay tubes, followed by 500 /xL of aldosterone l25I
tracer. Next, 100 /xL of aldosterone antiserum was pipetted into all tubes, except total
counts (contained 500 \iL aldosterone 125I tracer only) and zero standards, and tubes
were vortexed. After a 60-min incubation period, 1 ml of a precipitating reagent was
pipetted into each tube, except the total counts, tubes were vortexed then centrifuged
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Figure 2.3: Examples of the standard curves (semi-logarithmic scale) used to determine
A N P (A), aldosterone (B), and Cortisol (C) concentrations.

% B B 0 represents the

calculation of the binding of the serum standards as a percentage of the m a x i m u m
possible binding on averaged duplicate tubes.
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for 10 min at 1000 g. Following decantation of the supernatant (except total counts),
all tubes were drained on absorbent paper for 10 min. The remaining pellets were
counted for radiation in a well-type 7 scintillation counter (Wallac 1480, W I Z A R D ™ 3 "
G a m m a Counter, Turku, Finland).

The calculation of aldosterone concentration was based on the same principle
used for A N P determination (see Equation 10, Section 2.2.4.4.1), whereby the % B B 0
calculated for each unknown sample was substituted into the standard curve equation
and the concentration of aldosterone determined in pg-ml"1 (see Figure 2.3B for
example curve). A n identical equation was used to perform the calculations. However,
since plasma samples for the aldosterone assay did not undergo dilution during
preparation, the 2.5 dilution factor used to determine A N P concentration was not
necessary for the calculations performed in the aldosterone assay.

2.2.4.4.3 Cortisol

Following collection of blood for Cortisol determination (lithium-heparin 15 LU.
heparin ml"1 of blood) tubes were centrifuged for 15 min at 1500 g and 4°C. One
hundred microlitres of plasma was separated from red cells for analysis and stored at
-70°C. Analysis was performed using Cortisol radioimmunoassay kits ( C O R T I S O L [125I]
Radioimmunoassay, Orion Diagnostica, Espoo, Finland). The intra-assay coefficient
of variation was 4.0% and the inter-assay coefficient of variation was 4.3%.

The

sensitivity of the method was between 4 and 7 nmoli"1 (Orion Diagnostica, 1995).

Duplicate total count tubes, non-specific binding tubes (0 nmoH"1 Cortisol
standard), standard tubes (2000, 1000, 400, 150, 50, and 20 nmol-1"1), and tubes for
plasma samples were labelled appropriately. Following this, 25 (xL plasma samples and
serum standards were mixed with 100 /xL of 125I-labelled Cortisol and Cortisol antiserum
respectively. The Cortisol antiserum was not added to the total count or non-specific
binding tubes.

After incubation in a 37°C water bath for 60 min, followed by

equilibration at room temperature for 10 min, the separation of free and antibody bound
hormone was performed by precipitation of the latter. This was achieved by dispensing
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1.0 ml of polyethylene glycol into all tubes except the total tubes. All tubes were then
centrifuged at 2000 g for 15 min and the supernatant decanted and the radioactivity of
the precipitate was measured using a g a m m a counter (Wallac 1480, W I Z A R D ™ 3 "
G a m m a Counter, Turku, Finland).

Similar to ANP and aldosterone, Cortisol concentrations were determined from
the standard curve (see Figure 2.3C for example curve) produced through the
calculation of the binding of the serum standards as a percentage of the m a x i m u m
possible binding (see Equation 10, Section 2.2.4.4.1). The concentration of Cortisol in
each plasma sample was expressed in nmol-11.

2.2.4.5 Osmolality

The samples for the determination of plasma osmolality were collected (lithiumheparin 15 L U . heparin m l 1 of blood) and centrifuged for 15 min at 1500 g and 4°C.
O n e hundred microlitres of plasma was separated from each tube and stored at -20°C
pending analysis. Samples were analysed using a vapour-pressure osmometer (Model
5100C, Wescor, Inc., U.K.). Vapour pressure is a physical property of all solutions,
and is related to the moisture diffused in air above the solution. Vapour pressure is
depressed in proportion to the number of solute particles dissolved per kilogram of
solvent.

By measuring this property, an indirect measurement of the solution

concentration (osmolality: mosm-kg 1 ) is obtained.

Measurements were performed in duplicate and involved pipetting an 8 uL
sample onto a sterile paper disc in a circular sample holder, which was conveyed into
a measuring chamber and sealed. Following the seal, vapour pressure rises to an
equilibrium level in the space above the sample. The sensing element, which was a fine
wire thermocouple located in the upper portion of the sample chamber, initially senses
the sample chamber temperature (reference temperature), then seeks the dew-point
temperature (temperature whereby atmospheric vapour pressure condenses into small
liquid drops) within the chamber through electronic circuitry. W h e n compared with the
reference temperature, the dew-point temperature depression is determined.
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A three-step calibration procedure was performed before each use of the vapourpressure osmometer using three commercially prepared standards (Wescor, Inc., U.K.).
Initially, a 290 mmol-kg"1 standard was processed and the display was set to 290 (offset
adjustment, adjusts the point of interception of the extended linear portion of the
response curve with the baseline or vertical axis). Secondly, a 1000 mmol-kg 1 standard
was processed and the display was set to the value corresponding to the value attained
on a nomogram displaying a slope adjustment of the response curve. Finally, a second
290 mmol-kg"1 standard was processed to correct the offset following the change in the
slope.

Prior to sample analyses, a three-point calibration curve was determined,
whereby solutions with concentrations of 270, 290, and 310 mmol-kg 1 were processed
in the vapour-pressure osmometer. Linear analysis was performed on the data, and a
calibration equation was established prior to analyses for each subject. The osmolality
value for each plasma sample determined from the vapour-pressure osmometer was
converted accordingly, using the respective coefficients of the linear equations. Total
osmotic content was also determined by multiplying the concentration by the P V at each
time interval.

2.2.4.6 Protein and chloride

Blood for the measurement of plasma protein and chloride concentration was
collected (lithium-heparin 15 L U . heparin ml"1 of blood) and centrifuged for 15 min at
1500 g and 4°C. A total of 300 uL of plasma was pipetted from each tube for both
analyses and stored at -20°C.

Plasma protein concentration was determined in duplicate using the method of
Lowry et al. (1951; see Appendix B for detail). Briefly, 50 fxL plasma samples were
diluted (1 in 20) due to the high concentration of protein in human plasma.

In

conjunction with four known protein concentration standard samples (20, 50, 100, and
200 (xh of protein), 20 uL samples were added to separate tubes and made up to 200
uL with distilled water, followed by 2.5 ml of 100 ml 2 % N a 2 C 0 3 in 0.1M N a O H
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added to 2 ml C u S 0 4 and sodium tartrate. Tubes were vortexed and allowed to stand
for 10 min. T w o hundred and fifty microlitres of Folins solution ( 5 0 % Folins to 5 0 %
distilled water) was then added to all tubes, which were then vortexed and allowed to
stand for a further 30 min to allow the colour to develop. Initially, the four standard
protein samples were analysed at 750 n m on a spectrophotometer (Shimadzu UV-1601,
UV-visible spectrophotometer, Japan) to develop a standard curve. Plasma samples
were then analysed spectrophotomically, and plasma protein concentration (g-dl"1) was
determined from the coefficients of the respective standard curve. Total plasma protein
content was also determined by multiplying the concentration by P V at each respective
time interval.

Plasma chloride concentration was analysed in duplicate using a commercial kit
(Chloride, Sigma Diagnostics®, M O , U.S.A.). The sensitivity was defined as a change
in absorbance of 0.0055 corresponding to 1 meq-1 1 . The intra-assay coefficient of
variation was 1.2% and the inter-assay coefficient of variation was 3.5% (Sigma
Diagnostics, 1994).

This particular kit method was based upon the quantitative

displacement of thiocyanate by chloride from mercuric thiocyanate. Ferric ions and the
thiocyanate released form a red complex with an absorbance m a x i m u m at 460 n m and
chloride concentration was directly proportional to the colour intensity at 460 n m . The
assay was performed at room temperature, with 1 ml of chloride reagent (containing
mercuric chloride, nitrate and thiocyanate, ferric nitrate, sulfuric and nitric acid, and
a stabiliser) pipetted into each tube for standards (70, 100, and 130 meq-1"1) and plasma
samples in duplicate. Following this, 10 /xL of each standard and plasma sample were
pipetted in the respective tubes, which were gently inverted and incubated at room
temperature for 5 min. T o quantify plasma chloride concentration the absorbances of
the standard samples were analysed at 460 n m in a spectrophotometer (Shimadzu U V 1601, UV-visible spectrophotometer, Japan). The coefficients derived from the threepoint calibration curve of the concentration versus absorbance of the standards, was
then used to determine plasma chloride concentration (meq-11) from the absorbance
reading of each plasma sample. Total plasma chloride content was also determined by
multiplying the concentration by P V at each respective time interval.
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2.2.4.7 Sodium and potassium

The samples for the determination of plasma sodium and potassium concentration
were collected (lithium-heparin 15 L U . heparin ml"1 of blood) and centrifuged for 15
min at 1500 g and 4°C following collection, of which 500 uh of plasma was separated
from red cells for analysis and stored at -20°C. Analysis of the plasma was performed
in duplicate using a flame photometer (Corning M 4 1 0 , Ciba Corning Diagnostics
Scientific Instruments, Essex, England; Appendix C for detailed method).

This

apparatus is based on the principle of flame photometry where metal ions in solution
are aspirated into a low-temperature flame (aerosol) exciting the electrons of the ion to
higher energy states. The loss of this excitation energy, when the electrons return to
the ground state causes the emission of a discrete wavelength of visible light.

A

particular light wavelength can be isolated from other wavelengths of light by an optical
filter, with the amount of light emitted detected with a photodetector. The amount of
light emitted is proportional to the number of ions in the flame, and hence the number
of ions in solution.

Briefly, 200 pL plasma samples were diluted to a volume of 2 ml with distilled
water, in which approximately 1 ml was for sodium and 1 ml for potassium
concentration determination. Additionally, four-point and six-point calibration curves
were established for sodium and potassium respectively, and were determined prior to
each trial for each subject. This was achieved by aspirating each known concentration
of standard solution and reading the peak absorbance, with the curve constructed being
the relationship between absorbance and sodium or potassium

concentration

respectively. Following calibration, diluted plasma samples were aspirated, for sodium
and then potassium in duplicate. Each absorbance determined for sodium and potassium
in each sample, could then be converted to a concentration in meq-1 1 using the
coefficients of the respective calibration curve. Total plasma sodium and potassium
contents were also determined by multiplying the concentration by P V at each
respective time interval.
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2.2.4.8 Haematocrit and haemoglobin concentration

Blood was collected (potassium-EDTA 1.6 mg-ml1 of blood) and tubes were not
centrifuged. Five hundred microlitres of whole blood were removed from each tube
and frozen at -20°C for later analysis of [Hb]. The E D T A tubes were then stored at
4°C for the determination of Hct later that same day.

Blood [Hb] was determined on duplicate samples using the cynamethaemoglobin
technique (Total Hemoglobin, Sigma Diagnostics®, M O , U.S.A.). The reproducibility
of the kit had a coefficient of variation of 0.4% (Sigma Diagnostics). This procedure
is based on the oxidation of haemoglobin and all derivatives, except sulfhaemoglobin,
to methaemoglobin in the presence of alkaline potassium ferricyanide. Methaemoglobin
reacts with potassium cyanide to form cyanmethaemoglobin which has m a x i m u m
absorption at 540 n m , with the colour intensity measured at this wavelength being
proportional to the total [Hb]. Five millilitres of commercially prepared Drabkin's
solution, consisting of sodium bicarbonate, potassium ferricyanide, and potassium
cyanide, was added to a series of tubes for standards (0, 6, 12, and 18 g-dl"1) and
collected blood samples. Twenty microlitres of the standard solutions and whole blood
samples were added to each tube, then vortexed and allowed to stand for at least 15 min
at room temperature. T o quantify [Hb], the absorbances of the standard samples were
read at 540

nm

in a spectrophotometer (Shimadzu

UV-1601, UV-visible

spectrophotometer, Japan). The spectrophotometer automatically determined the four^
point calibration curve based on the concentration versus absorbance from the
standards, and the following samples were immediately converted to a concentration
Cg-dl"1).

The microhaematocrit technique was used to determine the packed cell volume
(Hct: I E C M B C E N T R I F U G E , International Equipment Co., M A , U.S.A.). Capillary
tubes 75 m m in length with an internal diameter of 1 m m were used for analysis. Plain
tubes rather than heparinised tubes were used since blood was already treated with
potassium-EDTA (1.6 mg-ml*1 of blood) during sampling. The blood was allowed to
enter each tube by capillarity, leaving approximately 15 m m unfilled and then sealed
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with plasticine (Sigillum, Herler, Copenhagen, Denmark). Three tubes were used for
each blood sampling interval to allow determination of Hct in triplicate. Capillary tubes
were then centrifuged for 10 min at 3500 g. Following centrifugation, the length of the
packed red cells and the length of the combined pack red cells and plasma sections of
each tube were determined in m m , using digital calipers with an accuracy of 0.01 m m .
Haematocrit was calculated as the ratio of red cells to the combination of red cells and
plasma, and expressed as a percentage.

2.2.5 Apparatus

2.2.5.1 Oxygen consumption

Data for the determination of V02 were collected on a breath-by-breath basis
using a Quinton Q-Plex 1 system (Quinton Instrument Company, Q-Plex I, Seattle,
U.S.A.) that was comprised of a pneumotachograph (Model 3813, Hans Rudolph Inc.,
Kansas City, U.S.A.), a zirconia oxide oxygen analyser, and an infrared absorption
carbon dioxide analyser. Subjects breathed through a Hans Rudolph two-way valve
(dead space 115 ml), connected to the Q-Plex I by 3 5 - m m low resistance tubing. A
headset held the valve in position while allowing freedom of movement.

Validation of oxygen (02) and carbon dioxide (C02) concentrations was
performed using expired gas samples taken from a single subject w h o exercised on a
cycle ergometer (Monark 818E, Sweden) at work rates ranging from 0 to 300 W ,
resulting in 0 2 % and C 0 2 % values ranging from 15.48 to 17.72, and 2.75 to 4.22
respectively. Independent analysis of 0 2 and C 0 2 concentrations in the expired air
samples was simultaneously performed using an Applied Electrochemistry 0 2 analyser
(Applied Electrochemistry Inc., model S-3A, California, U.S.A.) and a Beckman C 0 2
analyser (Beckman Instruments Inc., model LB-2, California, U.S.A.). During the
exercise period, gas samples were drawn from a 4 m m tube situated within the Q-Plex
I mixing chamber adjacent to the Q-Plex I gas sampling tube.

Analysis of the

comparisons between the independent analysers and the Q-Plex I resulted in correlation
coefficients of 0.956 for 0 2 % and 0.972% for C 0 2 % (Figures 2.4A & 2.4B). Volume
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Figure 2.4: Validation of gas analysers and pneumotachograph output by comparisons
of: (A) oxygen concentrations for Q-Plex I and Applied Electrochemistry analyser
(r=0.956); (B) carbon dioxide concentrations for Q-Plex I and Beckman analyser
(r=0.972); and (C) expired tidal volumes for Q-Plex I and water filled spirometer
(r=0.999). Data from Solomon (1991).
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validation was performed by collecting expired gas samples in a water filled wedge
spirometer (Phillip Harris Ltd.) connected in a series with the Q-Plex I using low
resistance tubing (35 m m diameter). Tidal volumes ranging from 501 to 4842 ml were
exhaled into the system as single breaths, and the volumes recorded from the spirometer
converted to body temperature and pressure saturated (BTPS) conditions. Comparisons
of these volumes with the corresponding tidal volume from the Q-Plex I produced a
correlation coefficient of 0.999 (Figure 2.4C).

2.2.5.2 Forearm blood flow

Forearm blood flow data were measured using venous-occlusion
plethysmography (EC 4 Plethysmograph, D.E. Hokanson, Inc., U.S.A.). A schematic
of the system is shown in Figure 2.5. The measurement relied on the occlusion of
forearm venous return, while not changing arterial inflow. This was achieved by
inflating a venous-occlusion cuff, placed proximal to the left elbow, to a pressure of 50
m m H g . This pressure was sufficient to occlude the veins but allowed flow to continue
in the arteries. A s blood flowed into the forearm, it caused the limb to swell, with this
rate of swelling being a measure of the arterial flow at that instant (Whitney, 1953).

Detection of the rate of swelling of the forearm, was through a thin, mercuryfilled, silicone rubber tube placed around the forearm at its greatest circumference. A s
the volume of the limb changed with each heart beat, following cuff inflation, the tube
was stretched and the electrical resistance of a reference current passing through the
mercury was increased. D u e to the variability of hand blood flow, a second cuff was
inflated at the left wrist to 160 m m H g to prevent flow and remove any artefact.
Forearm blood flow data was collected for 1.5 min every 10 min during immersion.
The cuff was automatically inflated ( A G 101 Cuff inflator air source, D.E. Hokanson,
Inc., U.S.A.) for 8 s and deflated for 12 s, for a total of five inflations every 10 min.
Analog output from the plethysmography system, sampled at 20 H z , was passed, via
an eight channel, 12-bit analog-to-digital converter (Computer Boards Inc., PPIO-A18,
Mansfield, U.S.A.), to an I B M compatible laptop computer (Total Peripherals,
Notebook 386SX, Sydney, Australia).
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Figure 2.5: Schematic of the measurement of forearm blood flow using venousocclusion plethysmography.

Page 51

2.2.5.2.1 Calculation

Blood flow was measured by determining the initial slope of the volume curve
proceeding the possible existence of cuff artefact (see Figure 2.6). The cuff artefact
was a rapid rise of the curve immediately after inflation of the venous occlusion cuff,
due to blood being pushed back down the arm. A tangent was drawn to the first pulses
after the cuff artefact, with the line extending completely across the graph. The slope
of the line was determined by calculating the change in volume per unit time. This was
achieved by finding the time required for the line to cross the graph by drawing a
vertical line from the point where the line crossed the bottom of the graph, then
measuring the time horizontally to where the line crossed the top of the chart.

QF (ml 100m/-' tissue mm

) = I—

* 2 %x(7r*r2xl)

(11)

Where: x = time for the flow tangent to cross the graph (sec),
2 % = range setting for sensitivity on the plethysmograph,
x = pi,
r = radius of the forearm (cm),
1 = width of the forearm area encompassed by the strain gauge (cm).
2.2.5.3 Skin Blood How

Data for Q s k were collected (20 Hz) using laser-Doppler velocimetry
(Vasamedics Inc.,TSI Laserflo B P M 2 , U.S.A.). This method was dependent on the
Doppler shift of laser light reflected from moving particles (Johnson et al., 1984).
Collisions between photons and stationary tissue randomises the direction of the light
that eventually reaches the moving tissues (e.g. erythrocytes), with the return of light
to a photodetector via sensing fibers. Only photons that have been scattered by moving
tissues will have undergone a Doppler frequency shift. The result is the creation of
Doppler beat frequencies which generate an electrical signal at the photodetector. The
signal was processed and variables including blood flow, tissue blood volume, and red
blood cell velocity were computed and recorded through analog outputs and a digital
panel meter (Shepherd et al, 1987).
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Figure 2.6: Example of the method for calculation of forearm blood flow from venousocclusion plethysmography output.
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The Laserflo B P M 2 incorporated a gallium aluminium arsenide semiconductor
laser, operating in a single longitudinal mode, with a wavelength of 780 nanometers.
The fiber optic probe had two receiving fibers with a core diameter of 100 microns, a
numerical aperture of 0.28, and a spacing of 0.5 m m from the transmitting fiber, which
had a core diameter of 50 microns and a numerical aperture of 0.20 (Borgos, 1990).
Prior to each test, the integrity of the fiber optic probe and the electrical zero of the
system zero were checked. Analog output was passed, via an eight channel, 12-bit
analog-to-digital converter (Computer Boards Inc., PPIO-A18, Mansfield, U.S.A.), to
an I B M compatible laptop computer (Total Peripherals, Notebook 386SX, Sydney,
Australia).

The laser-Doppler velocimeter has been validated previously by various authors
using different techniques.

The most conventional method, venous-occlusion

plethysmography, has been one method of validation (Johnson et al., 1984; Saumet et
al, 1986; Winsor et al, 1987).

By incrementing Q s k through elevations in skin

temperature, a near linear relationship (r=0.96), and considerable reliability was found
to exist between laser-Doppler velocimetry and plethysmography. Nilsson et al (1980)
utilised a fluid model to evaluate the laser-Doppler flowmeter to enable the red cell
velocity, concentration, and oxygen content to be individually varied and controlled in
a fixed flow geometry.

It was found that a linear relation existed between the

flowmeter response and flux of red cells irrespective of h o w the product of red cell
concentration and velocity was formed. In vitro models have been used by Shepherd
et al. (1987), and it was observed that laser-Doppler velocimetry produced stable and
reproducible results and was relatively immune to fluctuations in blood oxygenation.
Possibly the best method of validation was performed against the gas clearance
technique (Watkins and Holloway, 1978; Kvietys et al, 1985; DiResta et al, 1987),
which measures the removal rate of an injected gas into the skin, such as hydrogen or
xenon, by cutaneous capillary blood flow. A s with laser-Doppler velocimetry, these
measurements sample only the most superficial layers of tissue, and the relation
between the two methods has been shown to be highly correlated (r=0.97; DiResta et
al, 1987).
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2.2.5.4 Body-core temperature

Body-core temperature was measured (1 H z ) from three sites, to determine
possible differences: oesophagus (Tes), auditory canal (Tac), and rectum (Tre).
Oesophageal temperature was measured at the level of the ventricles (between the eighth
and ninth thoracic vertebrae). The insertion length of the oesophageal probe (Edale
Instruments, Cambridge Ltd., U.K.) to obtain this position, was determined for
individual subjects using a prediction equation based on sitting height: probe insertion
length (cm) = 0.479*(sitting height)-4.44 (after Mekjavic and Remple, 1990).
Auditory canal temperature was measured using a thermistor probe (Edale Instruments
Ltd., Cambridge, U.K.) inserted into the left auditory canal, to a depth of
approximately 10 m m . The probe was secured with a cotton wad and held in place
with tape. Rectal temperature was measured using a thermistor (YSI type-401, Yellow
Springs Instruments Co. Inc., Ohio, U.S.A.) positioned 12 c m beyond the anal
sphincter. These last two indices have been previously validated against T es in our
laboratory (Cotter et al, 1995).

2.2.5.5 Skin Temperature

Skin temperatures were monitored at 0.2 Hz from thermistors (EU type, Yellow
Springs Instruments Co. Inc., Ohio, U.S.A.) located at eight sites. These sites
included: forehead, right scapula, left upper chest,rightarm, left forearm, left hand,
right anterior thigh, and left calf (International Standards Organisation, 1992).
Measurements were recorded using a data logger (1206 Series Squirrel, Grant
Instruments Ltd., Cambridge, U.K.) and later downloaded to a computer for storage.
These measurements were used in the following equation to determine mean skin
temperature (Tsk: International Standards Organisation, 1992):

Tsk = (((forehead+rightarm+leftforearm)*0.07) + ((right scapula+left upper
chest)*0.175) + (left hand*0.05) + (right anterior thigh*0.19) + (left
calf*0.20))

(12)
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M e a n body temperature (T b ) was calculated according to the calculation
appropriate for exposure to w a r m and cold respectively (after Bittel, 1987):

Tb = (0.79*TCS) + (0.21*TJ (13)

Tb = (0.67*Tes) + (0.33*Tsk) (14)

In addition to the Tsk for eight sites, skin temperatures were fractionated into
those sites exposed to the air (forehead, scapula, right arm, forearm, and hand) and
those sites immersed in the water (chest, anterior thigh, and medial calf). The mean
weighted equation (International Standards Organisation, 1992) was modified as
follows:

T^ (non-immersed) = (((forehead+right arm+left forearm)*0.16) + (right
scapula*0.40) + (left hand*0.12))

(15)

Tsk (immersed) = ((left upper chest*0.31) + (right anterior thigh*0.34) + (left
calf*0.35))

(16)

2.2.5.5.1 Calibration

All thermistors, including skin, oesophageal, rectal and auditory canal were
calibrated in a stirred water bath against a calibrated referenced mercury thermometer
( ± 0.05°C: Dobbie Instruments, Dobros total immersion thermometer, Australia). All
thermistors were grouped together and positioned in open water near the thermometer
bulb. The water bath was initially set to 15°C and incremented 5°C every 15 min and
thermistor output data collected. Data were logged (1206 Series Squirrel, Grant
Instruments Ltd., Cambridge, U.K.) every 15 min in the temperature range of 15 to
45°C, with the reading time for the Dobros thermometer corresponding with data
logging onset every 15 min. Linear analysis was then performed on these data and a
calibration equation established for each thermistor. Using the coefficients of the linear
equations, thermistor output data were converted to the corrected temperatures.
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2.2.5.6 Cardiac frequency

Cardiac frequency was monitored continuously from ventricular depolarisation
at 0.2 H z (Model PE3000, Polar Electro SportTester, Finland) and subsequently
downloaded to computer for storage. Cardiac frequency, determined using this system,
has been validated in our laboratory against a five-lead electrocardiogram (Quinton
Q5000; Osborne, 1992). T w o subjects remained seated on a cycle for a period of 10
min, then experienced a step increase in work rate to a workload of 150 watts for 17
min, followed by a further period of seated rest. A linear regression analysis was
performed, and it was shown that for submaximal exercise, the SportTester provided
a valid indicator of fc (Figure 2.7).

2.2.5.7 Mass, height, and skinfolds

Each subject's mass was determined using high resolution platform scales
(Model N o . fw-150k, A & D electronic balance, C A , U.S.A.) calibrated against known
mass standards, and height was measured using a stadiometer (Holtain Ltd., Britain).
Prior to C W S T 1 , skinfold measurements were taken at eight sites (see Table 2.1) with
skinfold calipers (Eiken Type Skinfold Caliper, Meikosha Co., Ltd., Tokyo, Japan).

2.2.6 Analyses

Multivariate analysis of variance (Hotellings f2) was used to determine
differences between trials ( W W S T and C W S T ) and exposure time (SAS 6.0, Statistical
Analysis Systems Inc., N C , U.S.A.). In the event of a significant result, Tukey's test
of Wholly Significant Difference was used to determine specific differences. Alpha was
set at the 0.05 level for analyses.

Fluid volumes and haematological variables were analysed for all collection
time-points during immersion. Core and skin temperatures a n d ^ were averaged for the
two minutes prior to each 5-min interval, such that values were derived for each 5-min
•period from 0 to 90 min of exposure. Oxygen consumption and Q s k were averaged
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Figure 2.7: A comparison of the cardiac frequency determined from the SportTester
PE3000 with that obtained simultaneously using a 5-lead E C G during a submaximal
exercise step forcing function. From Osborne (1994).
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over the 3 min of data collection at each 10 min interval. Forearm blood flow was
averaged from the five inflations performed in 1.5 min following each 3-min Q s k
measurement period. All data are presented as means with standard error of the means,
unless otherwise indicated.

2.3 RESULTS

2.3.1 Thermoregulatory responses to the warm- and cold-water stress tests

Data for each variable collected during each CWST were normalised to the
respective pre-immersion baseline W W S T values for comparison.

All three T c

measurements produced significant T c strain during the C W S T at rest and while
exercising (Figure 2.82). While each site showed subtle differences, the relationship
between the T c decrease and time was not significantly different for any site during the
C W S T , at rest or during exercise (P>0.05).

Oesophageal temperature remained

unchanged during the W W S T (J°>0.05). However, beyond the paradoxical increase
observed upon exposure to a cold environment, T es was significantly lower in the
C W S T from 30 min when compared to pre-exposure baseline (36.61°C ±0.06 versus
36.44 °C ±0.04), and beyond 50 min when compared to the W W S T (36.51°C (±0.11,
W W S T ) versus 36.15 (±0.07, C W S T ; P<0.05)).

Exercise during the C W S T

produced an accelerated decrease in Tes, amounting to a 0.21°C drop by 5 min
following the initiation of the exercise period (P<0.05). Both the W W S T and C W S T
produced decreases in T ac and Tre by 20 and 5 min of immersion respectively, when
compared to pre-exposure baseline during the resting period (P<0.05). However, the
decrease in T re was much more pronounced during the C W S T , and was significantly
lower than the W W S T by 50 min (36.71°C (±0.13, W W S T ) versus 35.99°C (±0.30,
C W S T ; P<0.05)). Exercise produced no further decreases in T ac or T rc during the
W W S T . However, temperatures measured at both sites were further decreased during

2

A11 figures relating to thermoregulatory variables illustrate curves which are the
raw data sampled at 1 H z , or 0.2 H z in the case of fc, and symbols which are the 5-min
averaged data (average of the 2 min prior to each 5 min interval), used for statistical
purposes.
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Figure 2.8: Oesophageal (Tes: A), auditory canal (Tac: B) and rectal temperature (Tre:
C) during two 90-min immersion tests: (i) warm water ( W W S T : 33.31°C), and (ii) cold
water (CWST: 18.12°C). Data were normalised to pre-exposure W W S T temperatures,
and are means with standard errors of the means. (1 = significant difference between
conditions; 2 = significantly different from time zero; 3 = significantly different from
60 min).
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the first 5 min of the exercise period during the C W S T (P<0.05), falling by 0.20°C
and 0.09°C for T ac and T re respectively.

While skin temperature was calculated as the mean of eight sites, in conjunction
with fractionation into those sites which were immersed, and those not immersed (see
Section 2.2.5.5), the W W S T and C W S T were significantly different from each other
at all time points beyond baseline (P<0.05; Figure 2.9). M e a n skin temperature and
immersed T s k were significantly increased during the W W S T and significantly decreased
during the C W S T when compared to pre-immersion baseline (P<0.05; Figure 2.9A
and B). Such a response was a function of immersed skin temperature measurement
sites being influenced by the water temperature. The exercise period produced no
further changes in skin temperature, regardless of the method of calculation used
(P>0.05).

Mean body temperature did not change during the WWST, at rest or during
exercise (P>0.05). However, the C W S T produced a significant reduction in T b by 5
min of exposure, compared to baseline and the W W S T (P<0.05), and continued to
decrease as the rest phase progressed (Figure 2.10A). Exercise further decreased T b
within 5 min of initiation of this phase (P<0.05), and plateaued at the lower
temperature for the remainder of the trial. In addition, the oesophageal to immersed
skin temperature gradient (Tes:Tsk) was calculated and found to be significantly greater
during the C W S T , due to the large decrease in T sk compared to T c upon immersion
(P<0.05). A n 11.47°C gradient difference was established by 10 min, between the
W W S T and C W S T (P<0.05), with the difference maintained throughout rest and the
exercise period (Figure 2.10B).

These data verify that body-fluid changes in the

W W S T would be associated primarily with the hydrostatic pressure change induced by
immersion, while those of the C W S T could be ascribed to both thermal and hydrostatic
stress.

The WWST produced a slight decrease in V02 during the resting phase when
compared to pre-immersion baseline (P<0.05), while V 0 2 steadily increased during the
resting phase of the C W S T , increasing from 4.08 ml-kg 1 min"1 (±0.24) to 11.10
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Figure 2.9: M e a n skin (Tsk: A ) , non-immersed mean skin (B), and immersed mean skin
temperature (C) during immersion tests in warm ( W W S T : 33.31°C) and cold water
( C W S T : 18.12°C).

Data are means with standard errors of the means and are

normalised to the pre-immersion W W S T values. (1 = significant difference between
conditions; 2 = data significantly different from time zero).
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Figure 2.10: M e a n body temperature (T„) and oesophageal to mean immersed skin
temperature gradient (Te,:Tsk; A and B panels respectively) during two immersion tests
in w a r m ( W W S T : 33.31°C), and cold water ( C W S T : 18.12°C). Data are means with
standard errors of the means. (1 = significant difference between conditions; 2 = data
significantly different from time zero; 3 = data significantly different from 60 min).
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ml-kg"1-min1 (±0.39) by 50 min rest (P<0.05; Figure 2.11). Oxygen consumption
was significantly greater during the C W S T than the W W S T at all time intervals beyond
baseline (P<0.05). The exercise workload produced a significant increase in V 0 2
during the W W S T , and further elevation from the resting period in the C W S T
(P<0.05). Oxygen consumption was increased by 3.43 ml kg 1 min"1 and 4.06 ml kg"
^min"1 during the first 3 min of exercise for the W W S T and C W S T respectively
(P<0.05), then reached a plateau, whereby V Q 2 remained higher during the C W S T
compared to the W W S T (P<0.05).

Forearm blood flow did not differ between the WWST and CWST during rest
or exercise (Figure 2.12A). However, Q F was significantly greater at 20 min compared
to pre-exposure baseline in both conditions (2.17 ml-100 m l 1 min 1 (±0.24; W W S T )
versus 2.08 ml-100 ml"1 min 1 (±0.39; C W S T ) ) , and remained greater during both the
resting and exercising phases of the C W S T (P<0.05). Forearm blood flow became
significantly greater than pre-exposure baseline during the exercise phase of the W W S T
at 80 min. However, this was not different to the resting period. W h e n expressed as
a change in Q F across the rest and exercise phases of the two trials, there was a trend
for the change in Q F to be smaller during both the rest and exercise phases of the
C W S T , compared to the W W S T (P>0.05; Figure 2.12C).

Skin blood flow similarly did not differ between conditions at rest or during
exercise (P>0.05; Figure 2.12B). However, Q S k was significantly reduced during the
C W S T at 20 min compared to pre-immersion baseline (0.06 volts ±0.006 versus 0.04
volts ±0.008; P<0.05), which then returned to pre-immersion levels as the resting
phase progressed. During exercise, Q S k was significantly higher than pre-immersion
baseline at 70 min, but decreased again for the last sampling interval (P<0.05; Figure
2.12B). The change in Q sk , averaged across the rest phase, showed an increase during
the W W S T , but a decrease during the C W S T , suggesting peripheral constriction in the
skin LP > 0.05). However, during exercise, there was a trend for the change in Q s k to
be greater during the C W S T than the W W S T (P>0.05; Figure 2.12D), which may be
the result of greater shivering during the exercise period.
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Figure 2.11: Oxygen consumption (V 02 ) during immersion in warm ( W W S T : 33.31°C)
and cold water ( C W S T : 18.12°C). Data are means with standard errors of the means.
Data are normalised to the pre-immersion W W S T values for comparison. (1 =
significant difference between conditions; 2 = data significantly different from time
zero; 3 = data significantly different from 50 min).
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Figure 2.12: Normalised forearm (Q F ) and skin blood flow (Qsk; panels A and B
respectively) and the average change in Q F (C) and Q S k (D) across the rest and exercise
phases during two immersion tests (i) warm water ( W W S T : 33.31°C), and (ii) cold
water ( C W S T : 18.12°C). Data are means with standard errors of the means. (2 =
significantly different from time zero).
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Immersion resulted in significant decreases in f. during the first 5 min of
immersion, decreasing 10.84 b m i n 1 and 15.09 b m i n 1 during the W W S T and C W S T
respectively, which then remained relatively stable in both conditions compared to preexposure baseline levels (P<0.05; Figure 2.13). However, this decrease was not
different between conditions (P>0.05). The exercise period resulted in a reversal of
the bradycardia observed during the resting phase in both the W W S T and C W S T
(P<0.05), with/c returning to pre-immersion baseline levels.

In summary, the current investigation generally showed the imposition of greater
thermal strain during exposure to the resting C W S T environment, which was
accelerated during the exercise phase. This response was characterised by large
reductions in T c , T sk , producing decreased T b and an increased Tes:Tsk, pronounced
increases in V 0 2 , and reduced Q sk . In contrast, the W W S T condition produced the
relative maintenance of thermal homeostasis, as shown predominantly by unchanged Tes.
Accordingly, the only difference between the W W S T and C W S T environments was the
thermal strain imposed, allowing the differentiation between hydrostatic and thermal
effects of cold-water immersion on body-fluid regulation.

2.3.2 Body fluids and plasma constituents during thermal stress

The pre-immersion baseline body-fluid volumes of TBW, ECFV, PV, and RCV
averaged 717.01 (±18.27), 305.43 (±9.36), 43.14 (±2.65), and 31.54 (±1.94) ml-kg"
1

respectively for the W W S T and 723.10 (±11.50), 292.70 (±9.82), 43.12 (±3.17),

and 32.20 (±2.32) ml-kg"1 respectively for the C W S T . The derived volumes of I C W ,
IFV, and B V were 412.69 (±13.60), 262.17 (±11.33), and 74.80 (±4.49) ml-kg1 for
the W W S T , and 427.09 (±26.33), 272.14 (±22.52), and 74.39 (±5.24) ml-kg1 for
the C W S T respectively.

While these volumes were larger than those reported

previously as normal values (International Committee for Standardization in
Haematology, 1980), they are still comparable with fluid-volume ranges measured
earlier using similar dilution techniques to the present investigation (Dyrbye and
Kragelund, 1970; M a w etal, 1996).
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Figure 2.13: Cardiac frequency (fc) during two immersion tests (i) warm water
( W W S T : 33.31°C), and (ii) cold water ( C W S T : 18.12°C). Values are normalised to
the basal value recorded before the W W S T . Data are means with standard errors of
the means. (2 = significantly different from time zero; 3 = significantly different from
60 min).
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N o differences in mass were observed during either exposure (P>0.05), and
T B W remained relatively constant throughout both the W W S T and C W S T , averaging
714.69 ml-kg"1 (±17.23) and 708.26 ml-kg"1 (±15.80) for the W W S T and C W S T
respectively. The post-immersion urine volumes showed fluid losses from the body
averaging 446.43 ml (±76.50) for the W W S T , and 661.43 ml (±116.96) during the
C W S T (P>0.05). While mass was determined prior to the urine void, the greatest
mean fluid loss of 661.43 ml during the C W S T , accounted for 1.24% of T B W , with
the probability of this volume being within the error of T B W measurement. Hence, the
inability to detect loss of body fluid to the bladder from the T B W compartment, in the
calculation of T B W .

The CWST produced no significant differences in PV or RCV relative to preimmersion levels during rest (P>0.05; Figure 2.14B and C). However, the C W S T
produced an increase in E C F V at 25 and 45 min, reflecting an increase in IFV at 45
min (P<0.05), but no significant changes in I C W (Figure 2.15). Conversely, the
W W S T elevated P V and E C F V beyond 15 min, relative to pre-immersion levels
(P<0.05; Figure 2.14B and 2.15B), resulting in a significant increase in the
intravascular volume for the last sampling interval during rest, relative to the C W S T
(48.66 ml-kg"1 (±2.81, W W S T ) versus 40.04 ml-kg1 (±3.75, C W S T ; P<0.05)).
Furthermore, R C V was significantly increased during the resting phase of the W W S T
at 45 and 60 min compared to baseline and, 60 min compared to the C W S T (P<0.05;
Figure 2.14C). The difference between the W W S T and C W S T was 1.82 ml-kg"1 at 65
min. Although R C V increased by 4.63% during the W W S T , P V increased by 12.32%,
therefore the 8.41% elevation in B V by 60 min, was predominately a function of P V
change (Figure 2.14A), and can be described as an haemodilution (Harrison, 1985).
With the increase in E C F V during the W W S T , IFV increased and I C W decreased
during a similar time frame (P<0.05; Figure 2.15). Despite the differences between
conditions, linear regression analysis failed to show any relationship between the
changes in Tes, T b , immersed Tsk, or urine formation with the change in P V during the
W W S T or C W S T .

While RCV was significantly elevated at 65 min, compared to pre-immersion
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Figure 2.14: Blood (BV), plasma (PV), and red cell volumes (RCV; panels A, B, and
C respectively) during two immersion tests: (i) warm water ( W W S T : 33.31°C), and (ii)
cold water ( C W S T : 18.12°C). Volumes are normalised to the basal value recorded
before the W W S T .

Data are means with standard errors of the means.

(1 =

significant difference between conditions; 2 = significantly different from time zero;
3 = significantly different from 60 min).
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Figure 2.15: Intracellular (ICW), extracellular (ECFV), and interstitial fluid volumes
(IFV; panels A , B, and C respectively) during 90-min immersion in warm ( W W S T :
33.3TC) and cold water ( C W S T : 18.12°C). Volumes are normalised to the basal value
recorded before the W W S T . Data are means with standard errors of the means. (1 =
significant difference between conditions; 2 = significantly different from time zero);
3 = significantly different from 60 min).
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values during the W W S T (P<0.05), no differences in R C V were observed in either
condition as a result of the exercise (P>0.05; Figure 2.14C). Exercise during the
W W S T produced a decrease in P V by 75 min when compared to pre-exercise levels
(P<0.05), however, P V remained elevated above pre-immersion levels (43.14 ml-kg"1
±2.65 versus 46.76 ml-kg1 ±2.73; P < 0 . 0 5 ; Figure 2.14B). Similarly, a significant
reduction in P V was apparent in the C W S T at 90 min, but only when compared to preimmersion levels (43.14 ml-kg"1 ±2.65 versus 38.66 ml-kg"1 ±4.18; P < 0 . 0 5 ; Figure
2.14B). Extracellular fluid volume and IFV were elevated at the first sampling point
following the initiation of exercise during both conditions, compared to the end of the
rest phase ( P < 0.05; Figure 2.15B). However, the E C F V began to decline towards the
pre-exercise levels as time elapsed during this phase, for both the W W S T and C W S T .

Figure 2.16A and B provide an overall impression of fluid displacement between
compartments, by illustrating fluid volumes as a volume change occurring during the
rest and exercise phases of the W W S T and the C W S T separately. Furthermore, the
percentage change in each compartment was calculated, relative to the size of the
compartment prior to the resting and exercising phases of both conditions respectively.
The small fluctuations in T B W during both the rest and exercise phases of both the
WWST

and the C W S T (P>0.05), certainly fall within the sensitivity of the

measurement, with the greatest fluctuation during the rest phase of the C W S T
representing only approximately 800 ml of T B W . From the volume changes during the
resting phase, the most striking difference was the significant elevation in the
intravascular compartment during the W W S T , compared to the reduction during the
C W S T (P<0.05). It was also apparent that the I C W probably contributed to the
haemodilution, due to the increase in E C F V .

However, while this increase in the

E C F V appeared slightly greater during the W W S T , compared to the C W S T , it was not
significantly different (P>0.05).

Moreover, although there was a slightly larger

reduction in the intravascular space during the W W S T , the volume changes during
exercise were very similar between conditions (Figure 2.16B).

In conjunction with the increase in the intravascular space, plasma sodium,
potassium and protein concentrations were significantly lower during the resting phase
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Figure 2.16: Plasma volume (PV), red cell volume (RCV), blood volume (BV),
intracellular water

(ICW),

extravascular intracellular water

(AICW-ARCV),

extracellular fluid volume (ECFV), interstitial fluid volume (IFV), and total body water
( T B W ) expressed as volume changes across the rest (A) and exercise phases (B) of
immersion in warm ( W W S T : 33.31°C) and cold water ( C W S T : 18.12°C). The number
beside each column represents the change (%) in the compartment. Data are means
with standard errors of the means.
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of the W W S T immersion, when compared to baseline levels (P<0.05; Figures 2.17A
and C , and 2.18A). While plasma chloride and osmolality showed a similar decreasing
trend, it was not significant (P>0.05; Figures 2.17B and 2.18B).

Although a

significant haemoconcentration was not evident during the resting phase of the C W S T ,
plasma protein and potassium concentrations were significantly elevated (9.45 g-dl"1
(±0.35) versus 7.92 g-dl1 (±0.25), and 5.19 meq-1"1 (±0.29) versus 4.40 meq-1"1
(±0.09), respectively; P<0.05), while plasma sodium, chloride and osmolality
remained unchanged (P>0.05; Figures 2.17 and 2.18).

Exercise during the WWST produced no changes in protein, osmolality, or
potassium concentrations, though sodium concentration was elevated during exercise in
the C W S T at 75 and 90 min (P<0.05; Figure 2.18).

Furthermore, protein

concentration at 75 min, and potassium concentrations at each exercise sampling point,
were elevated above pre-immersion values during the C W S T exercise phase (P<0.05).

No significant differences were found for total plasma sodium, chloride,
potassium, protein, or osmolality for any time interval between the W W S T or the
C W S T ( P > 0.05). W h e n expressed as change scores of the total amount in the plasma,
across the rest and exercise phases of the W W S T and the C W S T , total plasma sodium,
chloride and osmolality were altered in accordance with the respective P V changes in
each condition (Insert Figures of 2.17 and 2.18). However, these changes were only
significant for plasma sodium and osmolality (P<0.05).

Conversely, while not

significantly different from the W W S T , total plasma potassium and protein increased,
in opposition to the P V reduction during the resting phase of the C W S T (P>0.05;
Insert Figure 2.17C and 2.18A).

Atrial natriuretic peptide concentration remained unchanged during the resting
phase of the W W S T , averaging 18.72 pg-ml"1 (±1.59) across this phase. However,
A N P was significantly increased by 90 min, compared to both baseline and the end of
exercise (P<0.05). Conversely, the C W S T showed a three-fold increase by 60 min
of immersion compared to pre-immersion baseline and the W W S T , which increased to
a five-fold elevation by the end of the exercise at 90 min (P<0.05; Figure 2.19A).
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Figure 2.17: Normalised concentrations of plasma sodium (A), chloride (B) and
potassium (C) during two 90-min tests: (i) w a r m water ( W W S T : 33.31°C), and (ii) cold
water ( C W S T : 18.12°C). Insert graphs (D, E , F ) represent the change in the total
amount of the electrolyte in plasma across the rest and exercise phases. Data are means
with standard errors of the means. (1 = significant difference between conditions; 2 =
data significantly different from time zero; 3 = significantly different from 6 0 min).
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Figure 2.18: Normalised plasma protein concentration (A) and osmolality (B) during
immersion in w a r m water ( W W S T : 33.31°C), and cold water ( C W S T : 18.12°C). Insert
graphs (C and D ) represent the change in the total amount of protein or osmolality in
plasma across the rest and exercise phases of each trial. Data are means with standard
errors of the means. (1 = significant difference between conditions; 2 = significantly
different from time zero).
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Figure 2.19: Normalised plasma atrial natriuretic peptide ( A N P ) , aldosterone, and
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water ( W W S T : 33.31°C), and cold water ( C W S T : 18.12°C). Data are means with
standard errors of the means. (1 = significant difference between conditions; 2 = data
significantly different from time zero; 3 = data significantly different from 60 min).
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Plasma aldosterone concentration decreased during both the W W S T and C W S T
from 25 min, with decreases of 122.08 and 90.42 pg-ml"1 for the W W S T and C W S T
respectively by 60 min compared to baseline ( P < 0.05; Figure 2.19B). While there was
a trend for the decrease to become progressively greater during the W W S T compared
to the C W S T , the difference was not significant (P>0.05). Exercise produced no
further changes in aldosterone concentration in either condition.

No changes in Cortisol concentration were observed during either rest or exercise
in the C W S T compared to baseline levels (P>0.05; Figure 2.19C).

However,

decreases in Cortisol concentration were apparent at the end of the rest period during
the W W S T compared to baseline (428.37 nmol-1"1 ±49.99 versus 276.86 nmol-1"1
±36.32; P<0.05) and further decreased by the end of the exercise period (276.86
nmol-11 ±36.32 versus 244.82 nmol-1"1 ±38.64; P>0.05). Furthermore, the W W S T
was significantly lower than the C W S T at 60 min of immersion (276.86 nmol-11
(±36.32, W W S T ) versus 451.10 nmol-1"1 (±48.77, C W S T ) ; P<0.05).

Generally, the WWST produced an increase in BV, denoting an haemodilution,
primarily due to the increase in P V and increased E C F V , at the expense of I C W . In
conjunction with these changes, plasma protein, sodium and potassium concentrations
were found to be lower during the W W S T . These responses can be attributed to the
hydrostatic effects of water, since thermoneutrality was maintained during the W W S T .
In contrast, the acute C W S T produced no significant changes in body-fluid distribution
during the resting phase, although plasma protein and potassium concentrations were
elevated. Since thermal strain was the only difference between the W W S T and C W S T ,
the physiological responses to the cold temperature acted to counter the hydrostaticallyinduced haemodilution.

2.4 DISCUSSION

This project served as a preliminary for an investigation into the quantification
and mechanisms responsible for changes in fluid volumes resulting from repeated coldwater immersions, and sought to distinguish between the hydrostatic and thermal effects
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of cold-water immersion, at rest and during exercise. In the presence of expected
greater physiological strain induced during the C W S T , the principle finding was an
elevated P V during the resting phase of the W W S T , which subsided during the exercise
period. This response was absent in the C W S T , suggesting the difference in thermal
stress between the C W S T and W W S T was responsible for preventing the P V elevation,
possibly countered by peripheral venoconstriction.

2.4.1 Thermoregulatory responses to warm- and cold-water stress tests

Beyond the paradoxical increase in Tes, representing a transient decrease in the
loss of heat generated by core tissues, due to cold-induced cutaneous vasoconstriction
(Craig and Dvorak, 1966), all T c measurement sites showed progressive decreases
during the C W S T . Such responses can be attributed to more pronounced heat loss due
to the greater heat conduction in cold water, resulting from the larger gradient between
the core and surrounding environment (Glickman-Weiss et al, 1991; McArdle et al,
1984). However, subtle differences were apparent between sites and conditions (see
Figure 2.8).

While the maintenance of T es suggested thermoneutrality during the

W W S T , both T re and T ac showed reductions of 0.40°C and 0.50°C respectively during
the resting phase. Rectal temperature has previously been shown to decrease in water
temperatures below 35°C (Craig and Dvorak, 1966; Greenleaf et al, 1980), and since
the current investigation used a mean water temperature of 33.31 °C, the decrease in T re
during the W W S T was probably a function of the water temperature.

Exercise

produced no further decreases in T rc or T ac during the W W S T , suggesting that light
exercise was adequate to prevent further loss of heat stores (Craig and Dvorak, 1968),
and that such conditions were thermoneutral. Furthermore, while both T es and T re
showed decreases during the resting period of the C W S T , T BS was maintained 0.56°C
higher than Tre. A similar trend was reported by Toner et al. (1985), where T e9 was
found to be 0.3°C higher than T re following resting water immersion at 18°C for 1 hr.
The greater difference between T es and T re in the present study m a y stem from
immersion to the forth intercostal space, rather than the level of the neck, as in previous
studies (e.g. Toner et al, 1985). Moreover, based on the premise that T re m a y be
more a function of the local blood flow through the pelvis and adjacent tissues
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(Cranston et al., 1954), it was suggested that local cooling of the pelvic-floor tissues,
combined with reduced blood flow to the visceral tissues surrounding the rectal probe,
contributed to the lower T re compared with T es (Toner et al, 1985).

Exercise during the CWST produced accelerated decreases in all three Tc
indices, within 5 min following the initiation of the exercise period (see Figure 2.8).
In contrast, Toner et al. (1985) observed a 0.3°C increase in T es as a result of exercise
in cold water. However, during the latter study, the exercise period was initiated at the
beginning of immersion and was at an intensity of 20.86 ml-kg-min"1. In the current
investigation, the exercise period was preceded by a resting period in the cold, and
acted to accelerate an already decreasing T c (Falk et al., 1994). Moreover, the exercise
intensity was only approximately 4 ml-kg 1 min"1 in both the W W S T and C W S T ,
promoting the drop in T c when compared to resting conditions, because the heat loss
induced by the combination of water movement and exercise exceeded the heat
production of the exercise (Keatinge, 1961).

Mean skin temperature was significantly increased by approximately 1°C during
the W W S T (see Figure 2.9A). Sagawa et al (1988) found a similar increase in T s k
when subjects were immersed in 34°C water following a resting period in an air
temperature of 29°C. This increase in T s k suggests a redistribution of heat in the body
such that T c decreases. Such decreases were observed for T re and T ac during the present
study, but not for T es as reported previously (Sagawa et al., 1988). Exercise produced
no further changes in T s k in either the W W S T or C W S T , and has been shown
previously (Golden and Tipton, 1987; Sagawa et al, 1988). Such a response supports
the findings of Craig and Dvorak (1968), where T s k was independent of the workload
and linearly related to water temperature, in a study of exercise in water at nine
different temperatures. Accordingly, the changes in T b and the T es :T sk were reflections
of the changes in T es and T s k during the W W S T and C W S T (see Figure 2.10A and B).
The increased T es :T sk favoured increased heat transfer from the core to the subcutaneous
muscle shell, while increased superficial shell insulation, as shown by decreased T sk ,
is an attempt to decrease heat loss from the muscle shell (Young et al, 1986).
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In conjunction with previous investigations (Golden and Tipton, 1987;
Glickmann-Weiss et al, 1991), the present study showed increases in V 0 2 within the
first 10 min of the C W S T (see Figure 2.11). Physiologically, increased V 0 2 during
exposure to a cold environment is a function of the efferent information leaving the
thermoregulatory center to increase heat production in an attempt to restore thermal
equilibrium, and is determined by afferent input from the decreasing T c and T sk .
However, as shown previously (Keatinge, 1969), the V Q 2 increase contributed very little
to the maintenance of T c in the current investigation, with continuing T c decreases in
the C W S T despite marked increases in thermogenesis. It has been suggested that the
neural drive for the regulation of body temperature in water m a y be inadequate to
stimulate thermogenesis to counter heat loss in the highly conductive water environment
(Toner and McArdle, 1991). Certainly, Craig and Dvorak (1966) reported that while
T c decreased in water temperatures lower than 35°C, thermogenesis was not increased
until the water temperature was lower than 30°C. It was further suggested that the
effectiveness of shivering is compromised, due to the body movements associated with
shivering increasing the convection of heat from the body (Tikuisis et al., 1991). That
is, while shivering increased heat production, it increased heat loss to a greater extent,
thereby reducing body heat content.

During exercise, the increases in V02 were greater during the CWST, compared
to the W W S T (see Figure 2.11), with similar observations being made previously
(McArdle et al, 1976; Toner et al, 1985). Since Tcs showed accelerated decreases
during the C W S T in the present study, the greater V 0 2 was related to the additional
energy cost of shivering to counter heat loss. Furthermore, the inability to restore T c
equilibrium was a function of the low work rate used in the current investigation, in
combination with the loss of the insulative boundary around still limbs which helps to
conserve body heat (Toner et al, 1985; McArdle et al, 1992).

The lack of a difference in QF between the WWST and the CWST (see Figure
2.12A), and in fact, the increased Q F compared to baseline in both conditions, was an
unusual result during the C W S T , since it was expected that decreasing skin and core
temperatures would instigate peripheral vasoconstriction, in an attempt to increase
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insulation and slow the rate of heat loss from the body. Certainly, Knight and Horvath
(1987) found that foot volume was significantly lower in cold (29.8°C) compared to
thermoneutral (35.0°C) water using a boot-shaped plethysinograph, where foot volume
equalled the amount of water displaced by immersing the foot in the boot. A number
of reasons m a y explain the absence of a reduction in Q F . Most likely, resting Q F was
only approximately half that normally observed in resting subjects in the present study,
suggesting the subjects were already peripherally constricted prior to entering the
immersion tank. If this was the case, further volume displacement from the forearm
would have been less pronounced, if not absent, upon immersion. Secondly, but less
likely, is a slight difference in forearm position between pre-exposure baseline and
immersion data collection. Pre-immersion baseline measurements were taken with the
forearm slightly below heart level, while during immersion the arm was at heart level,
which m a y have influenced the results. However, this situation was the same for both
the W W S T and C W S T . Furthermore, the sustained increase in Q F during the C W S T
may have been caused by more pronounced shivering. Burton and Bazett (1936)
reported that shivering has the disadvantage of reducing tissue insulation, increasing
heat loss in conjunction with heat production, primarily through the increase of blood
flow to muscles.

The measurement of Qsk using laser-Doppler velocimetry had not been attempted
previously during immersion. While Q S k was not different between conditions, Q s k
decreased during the resting phase of the C W S T and was found to be significantly
lower than baseline levels at 20 min (see Figure 2.12B). The absence of larger changes
m a y be due to the tendency toward peripheral vasoconstriction in the skin during
normal resting conditions, through the regulation of constrictor tone (Johnson, 1986),
and the variability between subjects. Forearm Q s k is controlled by dual efferent
mechanisms including the noradrenergic active vasoconstrictor system, and an active
vasodilator system (Johnson, 1986). Reduced Q s k is mediated by a baroreflex response
(Rowell, 1982), whereby Q s k is decreased through the action of the vasoconstrictor
fibers, and the direct action of the reduction in T sk . Constriction of the peripheral
vessels m a y be in response to venoconstriction, displacing blood from the cutaneous
vessels to the deeper veins (Rowell, 1982), in an attempt to preserve body heat by
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reducing the gradient between the skin and the surrounding environment. The slight
increase in Q s k during the exercise phase of both the W W S T and C W S T was not
significant (see Figure 2.12B and D ) , indicative of the light exercise load.

Immersion resulted in/c reductions during both the WWST and CWST within
the first 5 min of exposure, compared to baseline levels (see Figure 2.13). Similar
decreases in fc have been reported during warm-water immersion (Greenleaf et al.,
1980; Norsk et al., 1986; Johansen et al., 1995). The decreases in/c are attributed to
the increases in central blood volume resulting from an hydrostatically-induced
redistribution of peripheral blood, whereby increased cardiac filling augments stroke
volume (Blomqvist et al, 1983), stimulating cardiorespiratory baroreceptors, leading
to reduced fc and total vascular resistance. Accordingly, Nagashima et al (1995)
ascribed the decrease in /c, in conjunction with decreased plasma norepinephrine, to
suppressed sympathetic nervous activity due to atrial distension caused by increases in
P V and venous return. Since the./! response was similar between the W W S T and
C W S T in the present investigation, thermal stress did not influence this reduction,
confirming the response to water-induced hydrostatic pressure rather than an effect of
the cold temperature. U p o n initiation of the exercise period, the bradycardia observed
during resting conditions in both the W W S T and C W S T was reversed, and was not
different between conditions, with /c reaching pre-immersion levels within 10 min of
beginning the exercise. It has been reported previously that the increases in/c during
exercise in water were not different from the increase during exercise in air, suggesting
the increase inf. was a response to the demand for greater blood flow to the muscles
to perform the exercise (Nagashima et al, 1995). The fact that/c did not go beyond
pre-immersion baseline levels, illustrates the low intensity of the exercise phase in both
conditions in the present study.

In summary, both the WWST and the CWST generally showed the anticipated
thermoregulatory responses during both the rest and exercise phases. That is, the
W W S T maintained relative thermoneutrality during both rest and exercise, as depicted
by the unchanged T es and V 0 2 , while the C W S T produced elevated thermoregulatory
strain, as shown by marked reductions in core and skin temperatures, and increased
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V02.

The exception was the increase in Q F during the C W S T .

The pronounced

physiological differences incurred during the two exposures provided the foundation for
the differentiation between the hydrostatic and thermal effects of cold-water immersion
on body-fluid regulation.

2.4.2 Pre-immersion baseline fluid volumes

The pre-immersion baseline body-fluid volumes calculated during the present
study were all slightly enlarged compared with previously reported reference values
(International Commission on Radiological Protection, 1975; International Committee
for Standardization in Haematology, 1980). However, in light of the body composition
and training history of the subjects, the volumes were considered normal.

The subjects who participated in the study were habitually active, engaging in
endurance exercise activities on most days, and were leaner than average Australian
males (Gore and Edwards, 1992).

Since lean tissue is accompanied by a higher

concentration of water than that present in adipose tissue (Pace and Rathbun, 1945),
subjects with lower adiposity levels usually have larger T B W . M e a n T B W , I C W , and
E C F V were 720, 422, and 297 ml-kg1, respectively in the current investigation,
compared to values of 600, 340, and 260 ml-kg"1 provided by the International
Commission on Radiological Protection (1975). However, the current fluid volumes
were still comparable to the upper end of volume ranges reported previously, using
similar dilution techniques in more sedentary male subjects, with values ranging from
534 to 733, 287 to 419, and 224 to 319 ml-kg"1 (Dyrbye and Kragelund, 1970). M a w
et al. (1996), using dilution techniques similar to the present investigation, also found
resting body-fluid volumes to be enlarged compared to previously reported values,
where T B W , I C W , and E C F V were 654, 399, and 258 ml-kg1, respectively. While
M a w et al. (1996) attributed the increased T B W , with proportionate expansion of all
fluid compartments, to decreased adiposity, the calculated E C F V of 258 ml-kg"1 was
not relatively expanded compared to norms (International Commission on Radiological
Protection, 1975). In contrast, the present project showed relative expansions of all
fluid volumes in comparison to previous reference values.
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While the intravascular fluids were also larger than those reported for sedentary
populations, the differences were slight compared to the extravascular fluid volumes.
Plasma volume and R C V averaged 43 and 33 ml-kg"1, compared to 40 and 30 ml-kg'1
recommended in the literature (International Committee for Standardization in
Haematology, 1980). Values ranging from 36 to 66, and 17 to 38 ml-kg1 have been
reported previously in the literature (Dyrbye and Kragelund, 1970). Blood volume
averaged 76 ml kg 1 , as opposed to the 70 ml-kg"1 suggested by the International
Committee for Standardization in Haematology (1980).

However, Dyrbye and

Kragelund (1970) have reported a range of 57 to 104 ml-kg1 previously. In addition,
M a w et al. (1996) reported an average B V of 80 ml-kg"1, consisting of 47 ml-kg"1 of
plasma and 33 ml-kg"1 of erythrocytes.

The relative contributions of ICW and ECFV to TBW, remained similar to those
in normal populations. Intracellular water and E C F V accounted for 5 9 % and 4 1 % of
T B W , respectively, compared to values ranging from 5 7 % to 6 3 % and from 3 7 % to
4 3 % , respectively, in normal populations (Dyrbye and Kragelund, 1970; Spears et al,
1974). While the relationship between R C V and T B W was within the normal range,
P V and hence, B V was slightly lower. Blood volume, P V , and R C V accounted for
10.4%, 6%, and 4.5% of T B W respectively, compared to values ranging from 11.2%
to 12.4%, 6.9% to 7.7%, and 4.3% to 5.2% respectively, reported previously (Dyrbye
and Kragelund, 1970; Spears et al, 1974).

It can be concluded that, while the current investigation presents baseline bodyfluid volumes that were larger than the previously reported reference standards, the
values were still comparable to the normal ranges reported in the literature.
Furthermore, such volumes could be considered normal for the present subjects, due
to their lower adiposity and activity levels. Accordingly, all body-fluid compartments
were expanded in parallel with the larger T B W . Such results certainly do not detract
from the primary interest of the present investigation, that being the relative changes
in these baseline fluid volumes incurred due to hydrostatic and thermal effects of
immersion.

Page 85

2.4.3 B o d y fluid and plasma constituent changes during resting immersion in
w a r m and cold water

2.4.3.1 Intravascular fluid and plasma constituent alterations

The resting phase of the WWST produced a significant increase in PV by 15
min, with a 1 2 % elevation by 60 min of immersion (see Figure 2.14B). This increase
was in the same direction, and within a similar time frame as that reported previously
in the literature, during relatively short-duration thermoneutral immersion (McCally,
1964; Khosla and DuBois, 1979; Harrison et al., 1986; Hinghofer-Szalkay et al., 1987;
Shiraki et al, 1997).

Although plasma protein and sodium concentrations were

significantly lowered, plasma osmolality remained unchanged during the exposure,
indicating an iso-osmotic expansion of the intravascular compartment. Evidence for an
isotonic expansion of P V has been indicated in previous studies (von Ameln et al.,
1985; Miki et al, 1987; Shiraki et al, 1997).

The iso-osmotic expansion of the PV during the WWST does not explain the
increase in R C V , compared to pre-immersion baseline levels, during the last two time
intervals of the resting period (see Figure 2.14C). Apart from osmotic differences
across the cell membranes, increased R C V has been attributed to the stimulation of
erythropoietin production (Schmidt et al, 1988; Erslev, 1991). However, such a
response is not likely during the 60-min rest phase of the present investigation, since
it takes approximately 6 d to form a new red blood cell (Erslev, 1990). Alternatively,
there was a small trend for plasma osmolality to decrease during the W W S T , suggesting
the entry of slightly hypo-osmotic fluid, which has been shown previously (Khosla and
DuBois, 1979; Khosla and DuBois, 1981), possibly contributing to the small increase
in R C V .

The potential mechanisms leading to the increase in PV may result from
increased net transcapillary fluid absorption, lymphatic fluid transport, or a combination
of both (Miki et al., 1986). Since thoracic duct lymph flow has been shown to remain
unchanged during water immersion in dogs (Miki et al, 1987), the primary mechanism
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for the increased P V is an increase in net transcapillary fluid absorption, governed by
the balance of hydrostatic and oncotic pressures. During the previous year, Miki et al.
(1986) reported that while water immersion produced an increase in both mean capillary
and tissue hydrostatic pressures, the rise in tissue fluid pressure was greater, creating
a negative hydrostatic pressure gradient across the capillary wall, such that net
reabsorption occurred, as reflected by a decline in plasma oncotic pressure. It was
further suggested that since arterial, venous, and tissue capsule pressures did not change
during immersion, the negative value of the net transcapillary pressure gradient m a y be
maintained during immersion (Miki et al., 1986).

In response to the sustained net transcapillary pressure gradient, the resultant
increase in P V usually reaches a peak value by approximately 35 min of immersion,
with a diuresis from 20-40 min to counter the increased P V (Miki et al, 1986).
Accordingly, previous studies have shown the initial immersion-induced increase in P V
to recede as the immersion progressed (McCally, 1964; Khosla and DuBois, 1979).
However, the current investigation showed a progressive increase in P V , which did not
subside during the 60-min resting period of the W W S T .

Such a response m a y be

related to the constant plasma A N P concentration during this phase in the present
investigation (see Figure 2.19A).

Previous research has shown that elevated

concentrations of A N P produce reductions in P V , provoking a transcapillary fluid shift
out of the intravascular space (Rutlen et al., 1990). Furthermore, infusions of A N P
during water immersion, in doses that approximate physiological plasma concentrations;
have been reported to prevent the transcapillary fluid shift during water immersion
(Krasney et al, 1991), possibly through increased capillary hydrostatic pressure,
countering increased capillary reabsorption.

The constant plasma ANP concentration during the WWST was an interesting
result. Generally, the increased hydrostatic effect of water provides the stimulus for
an increase in central blood volume, producing increased atrial stretch and pressure,
which have been reported to be directly related to increased A N P release (Bilder et al.,
1986; Z i m m e r m a n et al, 1987). Based on this observation, its seems logical to suggest
that A N P should increase during the W W S T in the present investigation, due to the
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hydrostatically-induced elevation in P V . Certainly, the majority of studies showing
acute increases in P V , report up to two-fold increases in A N P concentration by 1 hr of
immersion (Nakamitsu et al., 1994; Miki et al., 1988; Tajima et al., 1988). However,
the study by Kurosawa et al (1988) is an exception to previous literature, and supports
the findings of the present investigation, reporting that plasma A N P concentration
remained unchanged during a 3-hr immersion protocol in thermoneutral water. Prior
overnight fluid restriction in the latter study does not explain the response, since studies
performed that same year reported two-fold increases in A N P during immersion in
fluid-restricted subjects (Miki et al., 1988; Tajima et al., 1988). However, the authors
did not take into account the pre-immersion A N P concentration of 84.7 pg-ml"1, which
is much higher than previously reported baseline values (Sheldahl et al, 1992;
Nakamitsu et al, 1994; Nagashima et al, 1995), and in light of the trend for a small
decrease in A N P concentration as the trial progressed, probably explains their
observation. Regardless, subjects in the present study were adequately hydrated prior
to the immersion exposure, and showed average pre-immersion baseline levels.
Furthermore, the lower water temperature during the W W S T (1.2°C), compared to
previous studies (Miki et al., 1988; Tajima et al., 1988), in conjunction with immersion
to the chest, rather than neck level, did not influence the results since increased A N P
concentrations have been reported by 1 hr of immersion in 32°C water (Nakamitsu et
al, 1994), and to the level of the chest (Larsen et al, 1994).

One possible explanation for the unchanged levels of plasma ANP in the present
study m a y lie in the majority of previous interpretations of changes being primarily
concerned with hormone production.

However, the assessment of any plasma

constituent variable is a measure of turnover, and as a result, both production and
removal mechanisms need to be taken into consideration. Plasma A N P has a biological
half time of 3 min, and the kidneys contain a high density of A N P clearance receptors
(Brenner et al, 1990). Accordingly, since an increase in central venous pressure
during immersion promotes elevated renal blood flow (Epstein, 1978; Greenleaf, 1984),
A N P clearance from the circulation m a y be enhanced. Therefore, it is indeed possible
that both A N P secretion and removal were elevated by about the same level, with the
latter masking the former, since the urine flow of 5 ml min"1, was approximately double
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that reported in similar previous investigations (Kurosawa et al, 1988; Nakamitsu et
al, 1994).

The lack of a significant change in PV during the resting phase of the CWST
was in contrast to the response found during the W W S T . The resting phase of the
C W S T produced no significant differences in P V or R C V relative to pre-immersion
levels, although there was a slight downward trend in P V as the exposure progressed
(220 ml decrease; see Figure 2.14B). This small efflux of fluid can be assumed to have
been isotonic, since plasma sodium and osmolality remained unchanged, and reflects
the increased plasma protein and potassium concentrations. Similar trends for the
changes in plasma constituents during cold exposure have been reported previously
(Young et al, 1987; Deuster et al, 1989; Vogelaere et al., 1992). A decrease in P V ,
comparable to the present study, has been reported in cold air, while R C V remained
essentially unchanged (Bass and Henschel, 1956). However, cold-water immersions
ranging from 60 min up to 6 hr in duration, and water temperatures between 5 and
18°C, have reported P V reductions of up to 1 8 % (Rochelle and Horvath, 1978; Young
et al, 1987; Deuster et al., 1989; Sramek et al., 1993). As a result, neither immersion
duration nor environmental stress can explain the difference in the magnitude of P V
change between previous studies and the current investigation. Since the changes in P V
were similar to cold-air exposure, it was thought that the subjects did not develop
adequate strain. However, the decrease in T re was 0.3°C greater in the present study
than that reported by Young et al (1987).

Furthermore, as with the current

investigation, Young et al (1987) failed to show any significant relationship between
changes in P V with the change in Tre, T sk , or diuresis.

One possible consideration was the use of changes in Hct and [Hb] to determine
changes in the intravascular compartment, which have been disputed previously due to
the inaccuracy of the measures (Knight et al, 1986; Johansen et al, 1992).
Calculations of relative change in P V from the peripheral Hct and [Hb] will be in error
if the F-cell ratio (the ratio of the whole body Hct to the large vessel Hct) changes as
a result of an experiment (Harrison, 1985).

Compression of the peripheral

microvasculature due to the water pressure, in conjunction with peripheral constriction
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during cold exposure, would cause blood of low Hct to be expelled into the general
circulation, decreasing the large vessel Hct, thus increasing the F-cell ratio. If the Fcell ratio did increase in the present investigation, indirect calculation of P V changes
m a y result in an underestimation of the change. Nevertheless, the respective increases
and decreases in Hct and [Hb] during both the C W S T and the W W S T , reflecting
decreased and increased P V respectively, were associated with respective changes in
plasma protein concentration. Therefore, as suggested previously (Harrison et al.,
1986; Hinghofer-Szalkay et al., 1987) at least some of the observed decreases in Hct
and [Hb] must have been the result of P V change.

In conjunction with the small decrease in PV, ANP showed a three-fold increase
during the resting phase of the C W S T , in contrast to A N P levels observed during the
W W S T (see Figure 2.18A). Atrial natriuretic peptide has been shown previously to
cause an efflux of fluid from the vascular compartment (Rutlen et al, 1990). This
response is most likely mediated by elevated capillary pressure, resulting from
precapillary vasodilation, occurring during peripheral venoconstriction. A s a result,
blood is redistributed to the more central regions of the body, and stretch receptors in
the atrium would be activated to release A N P to counter this effect. Peripheral
constriction in the present study can be supported by the pronounced reduction in T 9 k
(see Figure 2.8), in conjunction with reduced Q S k (see Figure 2.12B and D ) during the
rest phase of the C W S T . While increases in plasma A N P can be attributed to increased
atrial distension (Laragh, 1985), the unchanged plasma A N P concentration during the
W W S T suggests the increase during the C W S T was a response to the cold temperature,
rather than the hydrostatic effects of immersion. While the A N P response to cold-water
exposure has not been shown previously in humans, both basal and stretch-induced
release of immunoreactive atrial natriuretic factor in isolated rat atria were depressed
by 8 5 % when there was a 15.5°C reduction in bath temperature (Bilder et al, 1986).
Although this response is in direct contrast to the increased plasma A N P found during
the C W S T , the rat atria were bathed in an external solution at 21.5°C, and would not
be considered physiological in the intact human. Regardless, both studies provide
evidence for temperature-induced effects on A N P .
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Furthermore, the increased levels of plasma A N P during the C W S T in the
present investigation may explain the suppression of aldosterone during the C W S T ,
which was not significantly different from the W W S T (see Figure 2.18B).

The

reduction in plasma aldosterone occurred despite the absence of any change in plasma
osmolality and decreased plasma sodium concentration during the W W S T , but the
inhibition m a y be explained by the immersion-induced central hypervolaemia stimulating
cardiopulmonary baroreceptors (Mark and Mancia, 1983; Harrison et al, 1986), and
the elevated P V .

In contrast, the C W S T showed no significant changes in P V or

osmolality for an equivalent reduction in plasma aldosterone. Since A N P has been
shown to interfere with aldosterone secretion (Goetz, 1988), the elevated levels of A N P
during the C W S T m a y have acted to impede the release of aldosterone into the plasma.

It seems that the difference in thermal stress between the CWST and WWST was
responsible for preventing the P V expansion during the W W S T immersion, since the
hydrostatic effects of immersion were equivalent between the two conditions. During
the C W S T , subjects showed greater reductions in all Tcs, T sk , Q s k compared with
baseline values and the W W S T , suggesting that one, or a combination of these
differences contributed to the lack of a P V

expansion.

While peripheral

vasoconstriction has been suggested previously to be responsible for the reduction in P V
during exposure to cold, this does not explain the significant decrease in P V observed
within the first 5 min of immersion by Vogelaere et al. (1992), even though they too
suggested vasoconstriction as the mediating factor. Peripheral vasoconstriction is
usually associated with more severe body cooling, whereby T c is significantly reduced
(Rowell, 1974). A s a result, capillary pressure falls, favouring net absorption and
haemodilution, which is in contrast to the reduction in P V observed by Vogelaere et al.
(1992). Such a mechanism would seem appropriate as exposure to cold progressed,
since T c would decrease, producing vasoconstriction, which would cause central
hypervolaemia and ultimately stimulating diuresis to counter the increase in PV.
However, such a mechanism is not usually seen until 35 min of exposure (Miki et al,
1986).

Peripheral venoconstriction is a more likely explanation for the lack of PV
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expansion, and inducing the slight decrease in P V during the C W S T .

Oesophageal

temperature was not significantly lower than the W W S T until 50 min of immersion,
suggesting only mild core cooling during this time period (see Figure 2.8A).

In

contrast, T s k was significantly reduced by 5 min of immersion during the C W S T ,
compared to baseline and the W W S T (see Figure 2.9A). Previous studies have shown
that cutaneous veins have greater sensitivity than cutaneous arteries to cooling (Webb
and Shepard, 1968), producing venoconstriction. Peripheral venoconstriction causes
capillary hydrostatic pressure to rise, which would favour net capillary filtration and an
ensuing haemoconcentration. Therefore, the early P V decreases documented in both
this study and by Vogelaere et al (1992) m a y be due to peripheral venoconstriction in
the first instance, while vasoconstriction and the associated diuresis m a y occur upon
more pronounced core cooling as the trial progresses.

2.4.3.1.1 Alterations in plasma Cortisol levels

While the levels of plasma Cortisol concentration are not directly related to bodyfluid regulation, they have been previously used as a stress indicator during cold-water
immersion (Rochelle and Horvath, 1978).

Since this experiment imposed both

hydrostatic and thermal stresses, it was of interest to delineate between the two types
of stress through the Cortisol response. Pre-immersion baseline Cortisol concentrations
were slightly higher in both the W W S T and the C W S T , but certainly comparable to
previously reported values (Gerra et al, 1992).

Since the higher values did not

correspond with changes in circadian rhythm (Rochelle and Horvath, 1978), the slightly
elevated levels can be explained by the timing of the blood sample for baseline values.
Blood was drawn immediately prior to immersion and subjects m a y have been
anticipating the trial. Furthermore, the sample was drawn following insertion of the
oesophageal probe, possibly contributing to increased stress.

During the WWST, plasma Cortisol levels were significantly decreased during
immersion when compared to baseline levels, and were reduced to values expected in
normal resting subjects (see Figure 2.19C). Such a response provides further support
for the timing of the blood sample producing the elevated pre-immersion baseline
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levels, and suggested that immersion-induced hydrostatic effects did not effect plasma
Cortisol concentration. In contrast, plasma Cortisol concentration remained unchanged
during the resting phase of the C W S T (see Figure 2.19C). While it appears that the
cold temperature did not exert an effect on Cortisol levels, the elevated pre-immersion
levels m a y instead suggest the stress response was maintained in the cold. Although
Rochelle and Horvath (1978) reported a 2 2 % reduction in plasma Cortisol levels by 1
hr of immersion in 19°C, it was attributed to changes in circadian rhythm rather than
an effect of temperature. It was further postulated that the absence of an increase in
plasma Cortisol m a y not necessarily indicate a lack of stress, but m a y instead be due to
higher turnover and excretion of the hormone which would result in greater mobilisation
of energy stores to support shivering during cold exposure. Such a response may
contribute further to the unchanged plasma concentrations during the C W S T in the
current investigation.

2.4.3.2 Extravascular fluid shifts

In conjunction with the increase in PV, ECFV was increased beyond 15 min
during the resting phase of the W W S T immersion, reaching a 6 % expansion above
baseline levels by the end of the resting period (see Figure 2.15B). A similar finding
was reported by Miki et al (1987), where E C F V , measured continuously using [125I]
iofhalamate in immersed dogs, was shown to increase linearly during a 2-hr immersion
protocol. Furthermore, I C W decreased, while IFV increased significantly by 15 min,
producing a 5 % reduction and expansion respectively, compared to baseline levels by
the end of rest (see Figure 2.15A and C ) . Since no external fluid was administered
during the experiment, these findings suggest an efflux of fluid from the intracellular
space to the extracellular space, and subsequently contributing to the increase in P V
during immersion (see Figure 2.16A).

Previous literature eludes to similar fluid shifts during thermoneutral immersion.
Based on changes in plasma constituents, Khosla and DuBois (1979) concluded that the
source of the fluid influx to the intravascular volume during immersion in humans pretreated with vasopressin, was probably from the intracellular compartment, since
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osmolality decreased to a greater extent than if the fluid shifted was from the interstitial
fluid alone. A later study (Khosla and DuBois, 1981) also reported an increase in B V
that appeared to be more hypo-osmotic than if the fluid had been from the interstitial
fluid. This increase was accompanied by an increase in plasma amino acids and
potassium concentration and it was concluded that while changes in these variables were
insufficient to explain the fluid transfer, both were in the direction suggestive of
movement of intracellular water into the blood stream. Similarly, the linear increase
in P V and E C F V during water immersion in dogs was accompanied by an increase in
plasma potassium concentration (Miki et al, 1987), and it was suggested that
intracellular fluid was mobilised into the blood during water immersion.

While the present study indicates the possibility of a shift of fluid from the
intracellular compartment towards the intravascular compartment, plasma potassium
concentration remained unchanged (see Figure 2.17C), rather than increased with
similar fluid shifts, as shown previously (Khosla and DuBois, 1981; Miki et al., 1987).
Although total plasma potassium increased marginally during the rest phase of the
W W S T (see insert Figure 2.17F). In addition, IFV increased, which was in contrast
to the observation of Miki et al (1987). The mechanism responsible for the shift of
fluid out of the intracellular space in the present study was difficult to ascertain. If w e
take the example reported by Khosla and DuBois (1979), and assume the composition
of interstitial fluid given by Woodbury (1974), the addition of 397 ml to the preimmersion baseline P V (3219 ml) in the present study would result in decreases in the
concentrations of plasma osmolality by 0.21 mosm-kg-1, plasma sodium by 0.89 meq-1"
', plasma potassium by 0.02 meq-1"1, and plasma protein by 1.86 meq-1"1. The observed
falls in the plasma concentrations in the present study were 3-6 times greater, being
0.91 mosm-kg" 1 , 2.86 meq-1"1, 0.12 meq-1"1, 0.7 g-dl"1, and 5.91 meq-1"1 (osmolality,
sodium, potassium, protein and chloride respectively), suggesting that the fluid moved
was hypo-osmotic. Furthermore, R C V was increased at the last two time intervals
during the resting phase, possibly increased by the entry of hypo-osmotic fluid.

The mechanism for the efflux of ICW may be related to altered properties of the
cell membrane. The movement of water precedes the movement of salt due to the
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reflection coefficient of the membrane (Pappenheimer, 1953). If water immersion
initially induces an influx of fluid from the interstitial to the intravascular compartment,
this influx of interstitial fluid might cause an increase in interstitial protein, and possibly
salt content. This may produce a transient increase in interstitial fluid oncotic pressure,
creating a gradient across the cell membrane and causing intracellular fluid to m o v e into
the interstitial compartment (Khosla and DuBois, 1979; Miki et al, 1987). Since the
fluid leaving the cells is most likely iso-osmotic to the surroundings, substances other
than potassium, such as amino acids suggested previously (Davis and DuBois, 1977;
Khosla and DuBois, 1981) must also leave the cells to maintain the osmotic balance.

The increase in ECFV at 25 and 45 min of the CWST was difficult to explain
in the present investigation, since E C F V was not different from that reported during the
W W S T , and yet P V increased during the W W S T and did not change significantly
during the C W S T (see Figure 2.15). Furthermore, E C F V has not been measured
previously during cold-water immersion in humans or during acute exposures in air.
Conley and Nickerson (1945) exposed four subjects to a temperate environment (2327°C) for 3 d and then to cold air (16-18°C) for 3 to 5 d and found decreases in P V of
3, 4, 7 and 8 % , and E C F V of 0.8, 2.8, 6.1 and 13.8% for the four subjects
respectively, with the measurements being performed prior to and 3 to 5 d following
the cold exposure. Other longer term studies in humans and rats have found no changes
in E C F V as a result of exposure to cold (Deb and Hart, 1956; Bass, 1960).

One possible consideration for the increase in ECFV in the present study at 25
and 45 min was that it may have represented a transient increase in this volume, merely
corresponding to the timing of the blood sample, since E C F V was not different from
baseline levels by the end of the resting phase of the C W S T (see Figure 2.15B). At 45
min, E C F V was increased by approximately 1125 ml, with IFV increasing by 1050 ml
and I C W decreasing by 1275 ml. It seems that fluid was shifted from the I C W to the
IFV during the C W S T (see Figure 2.16A), which has been shown during resting
immersion in w a r m water in the present study and by others (Khosla and DuBois, 1979;
Miki et al, 1987). However, the destination of the small amount of fluid lost from the
intravascular space remains speculative. S o m e m a y have been lost from the body to the
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urine, while it has also been suggested that the interstitium provides the reservoir for
the cold-induced plasma flitrate (Adolph and Molnar, 1946: Volgelaere et al, 1992).
A possible limitation to the present study was the fact that a time control experiment
was not performed on non-immersed subjects. Thus, there can be no certainty as to
changes in E C F V simply as a function of time. The study by Miki et al (1987) on
E C F V changes in dogs was bound by a similar constraint.

In summary, the WWST showed an hydrostatically-induced hypo-osmotic
elevation in P V . The primary source of the intravascular fluid influx was the I C W .
In contrast, increased physiological strain, due to the cold environment ( C W S T ) ,
prevented a similar P V elevation, and was possibly mediated by a generalised peripheral
venoconstriction.

2.4.4 Body fluids and plasma constituent changes during exercise in warm and cold
water

2.4.4.1 Intravascular fluid and plasma constituent alterations

The elevation in PV during the resting phase of the WWST, subsided when
exercise was initiated during the immersion (see Figure 2.14B). The 4 % reduction in
P V was primarily an iso-osmotic fluid shift, since there were no changes in plasma
electrolytes, protein concentration, or osmolality compared to pre-exercise levels or
baseline (see Figures 2.17 and 2.18). Additionally, R C V remained unchanged during
the exercise phase (see Figure 2.14C). Therefore, the decrease in P V was probably the
result of alterations in transcapillary fluid pressure, due to a redistribution of blood
from the hydrostatically-increased central blood volume, to the exercising muscles.
However, P V was still significantly elevated above baseline levels. Nagashima et al.
(1995) studied P V changes during graded exercise with water immersion and observed
an increase in P V during the first 10 min at rest, and then a decrease during the
following exercise period at levels greater than 4 9 % of peak oxygen consumption.
Furthermore, this decrease from the resting P V value was significantly greater than
during exercise in air and was attributed to a greater increase in capillary pressure
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compared with other pressures, driving fluid in the opposite direction, and also to an
increase in A N P during water immersion.

While ANP increased slightly during the exercise period of the WWST,
compared to baseline in the current investigation (see Figure 2.19A), increases
previously reported have been in the order of a four-fold change from baseline levels
(Sheldahl et al, 1992; Nagashima et al, 1995). However, comparisons with the
present study must be carried out with caution, since it involved a 1-hr resting period
prior to exercise, and the exercise period was of a very light intensity, while Nagashima
et al. (1995) had subjects perform upright graded exercise from 3 to 35 ml-kg"1-min1.
As a result, the increase observed in the present study cannot be attributed solely to
exercise, and is probably in response to the combination of time and exercise, since
A N P levels were not increased during the rest phase of the W W S T . Alternatively, the
slight decrease in P V during the exercise phase m a y be the result of a diuresis, which
has been shown to occur by 40 min of immersion (Miki et al, 1986), to counter the
increased P V . Although such a response could not be differentiated from the exercise
effect in the current investigation.

The differences in exercise intensity also applied to the unchanged plasma
protein, sodium, chloride, and potassium concentrations, and plasma osmolality
observed in the present investigation. Nagashima et al. (1995) observed curvilinear
increases in these variables with arisein exercise intensity. Furthermore, Sheldahl et
al. (1992) reported significant increases in plasma osmolality, sodium and potassium
concentrations during cycle exercise in water at 40, 60, 80 and 1 0 0 % of peak oxygen
consumption. However, Sheldahl et al (1992) did show that the immersion per se had
no effect on these plasma constituents since similar values were reported for comparable
exercise intensities on land. Moreover, while plasma aldosterone decreased further
during the exercise phase, the change was not different from the rest phase of the
WWST.

Similarly, Sheldahl et al. (1992) showed no change in aldosterone during

exercise in water until maximal exercise, where aldosterone was increased but still
remained lower than land exercise values.
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In contrast to the W W S T , exercise did not have a significant impact upon P V
in the C W S T , in which the decrease eventually observed was warranted only from preimmersion levels. The eventual decrease in P V was accompanied by significant
elevations in plasma potassium and protein concentration compared to baseline (see
Figures 2.17C and 2.18A), and plasma sodium concentration as a result of the exercise
(see Figures 2.17A). Additionally, plasma osmolality remained unchanged, reflecting
R C V stability. Accordingly, plasma aldosterone concentration remained unchanged,
and was not significantly different from the response during the W W S T (see Figure
2.19B). A s a result, immersion was probably the primary catalyst for the observed
decrease in plasma aldosterone in the present investigation, rather than the cold
temperature and exercise. Exposure time, in combination with the increased rate of
core cooling, and diuresis during exercise in the cold m a y have contributed to the
eventual haemoconcentration. Furthermore, the two-fold increase in A N P during just
the exercise period of the C W S T may be responsible, since an action of this hormone
is to produce reductions in P V (Rutlen et al, 1990), provoking a transcapillary fluid
shift out of the intravascular space. The A N P response was much larger than that seen
in the W W S T , therefore, the changes may be attributed to a temperature effect rather
than the effects of hydrostatic pressure during immersion exercise (see Figure 2.19A).
Similarly, Bonifazi et al (1994) showed a two-fold increase in A N P concentration
following a 5 hr swimming race in 21°C water, where hydrostatic pressure would have
been minimised since subjects were in a supine position in the water.

In the only other study to assess PV changes during cold-water immersion,
Deuster et al. (1989) reported a marked reduction in P V conducted during prolonged
whole-body immersion (6 hr) in cold water (5°C) with thermal protection (dry suits) and
intermittent exercise (3 min at each of 3 workloads; 50, 70, and 90 W at the end of
every hour or at the end of hour 3 and 6). However, Deuster et al. (1989) suggested
it was unlikely that the exercise or the cold temperature contributed to the P V decrease,
since blood samples were obtained at least 25 min after the short exercise bout and
body cooling was only 1°C in 6 hr, leaving the immersion as the dominant stimulus.
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2.4.4.1.1 Plasma Cortisol alterations

Plasma Cortisol levels have not been documented previously during exercise in
w a r m water, and it was found that while there was a slight further decrease in Cortisol
concentration during the exercise period, the rate of decrease was much slower (see
Figure 2.19C). The literature provides an unclear picture of Cortisol changes, revealing
increases, decreases, and no change at all in plasma Cortisol concentration during light
and moderate exercise in general (Tharp, 1975; Terjung, 1979). However, it has been
suggested that the exercise bout must be relatively intense and of long duration to
produce consistent increases in plasma Cortisol (Tharp, 1975; Terjung, 1979).
Therefore, the lack of arisein Cortisol levels during exercise was consistent with these
observations.

In contrast, plasma Cortisol concentration was unaltered during the CWST.
Smith et al. (1990) reported a similar result in response to cold-water immersion
exercise.

However, exercise would have shown minimal effect on Cortisol

concentration in the latter study, since blood samples were taken at least 25 min
following the short exercise bout. While exercise in general has been shown to increase
plasma Cortisol concentrations (Galbo et al, 1979), higher circulating levels have been
found during exercise in cold environments (Dulac et al, 1987). This response m a y
have been masked in the present investigation due to the elevated pre-immersion levels,
or an higher turnover rate of the hormone.

2.4.4.2 Extravascular fluid shifts

The significant elevation in ECFV at 65 and 75 min of the exercise phase,
compared to pre-exercise levels during W W S T (see Figure 2.15B), did not provide an
explanation for the slight decrease in P V during this phase. Such a response resulted
in a significant increase in IFV, with no changes in I C W (see Figure 2.15C and A ) .
Although an increase in IFV may be expected due to P V influx from the intravascular
compartment, resulting from transcapillary fluid movements, the increase in E C F V
suggested an influx of fluid external to the extravascular compartment. Interestingly,

Page 99

E C F V and hence, IFV was also significantly increased at the first sampling point of the
exercise period during the C W S T (see Figure 2.15B). While there was a trend for I C W
to decrease in both instances, the change was a function of the increased E C F V , and
a physiological mechanism for I C W efflux does not seem plausible. It was thought that
one possible explanation for the increase in the E C F V may be related to the dynamics
of the 82 Br tracer. Hyatt et al (1970) have reported a consistent increase in the E C F V
during resting serial determinations at 2, 4, and 6-hr intervals, using 82Br. However,
these findings do not explain the decline in E C F V as the exercise period progressed in
the current investigation for both conditions. Therefore, the mechanism for such a
change in both the W W S T

and the C W S T remains undefined in the present

investigation. It m a y possibly represent a transient response during the exercise period
that coincided with the blood sampling. Evidently, the destination of fluid out of the
intravascular space in both the W W S T and the C W S T during the exercise phase
remains speculative.

Since the volume of fluid lost was relatively small in both

conditions, and the equivalent exercise intensity was only about twice the resting energy
expenditure, reducing the likelihood of significant transcapillary fluid movements, the
fluid was probably lost to the urine volume due to diuresis.

In summary, the elevated PV observed during the resting phase of the WWST
subsided during exercise. While the destination of this iso-osmotic fluid efflux from
the intravascular space remains speculative, it was probably associated with a diuretic,
rather than an exercise effect. Furthermore, the decrease in P V observed during the
C W S T was only from pre-immersion baseline levels, and was therefore the result of a
combination of immersion duration and exercise, with this fluid probably entering the
urine volume.

2.4.5 General conclusions

Our current understanding of body-fluid changes during acute warm- and coldwater immersion is limited primarily to the P V , which represents less than 1 0 % of
T B W . Plasma volume changes determined in isolation serve only to quantify total fluid
turnover, and do not allow a clear understanding of the sources or destination of the
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by a generalised peripheral venoconstriction, causing an increase in capillary hydrostatic
pressure and favouring net filtration from the vascular space. In conclusion, body-fluid
regulation during acute cold-water immersion was determined by the interaction of
hydrostatic and thermally mediated forces, with the former inducing short-term
haemodilution and the latter tending towards haemoconcentration.

The elevated PV response produced during the resting WWST immersion phase
resulting from the increased interstitial hydrostatic pressure was somewhat reversed
when exercise w a s initiated during the immersion. This m a y have been due to a
redistribution of blood to the exercising muscles from the increased central blood
volume. However, the destination of fluid movement out of the intravascular space
remains speculative. In contrast to the W W S T , exercise did not have a significant
impact upon P V in the C W S T in which the decrease in P V eventually observed was
only from pre-immersion levels. In conclusion, body-fluid shifts during exercise, and
mechanisms for such changes, remain inconclusive due to the low exercise intensity,
in combination with the prior hydrostatic and thermal strain of the resting immersion
period.
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C H A P T E R 3: T H E R M O R E G U L A T O R Y RESPONSES DURING REPEATED
C O L D - W A T E R IMMERSIONS: EFFECTS DURING REST A N D EXERCISE

3.1 INTRODUCTION

When non-adapted humans are exposed to cold environments which depr
temperature (T c ), including air and water, the acute physiological response is a marked
increase in shivering and elevated metabolism in an attempt to increase heat production
(LeBlanc, 1956).

However, as humans experience chronic exposure, various

thermoregulatory adaptations ensue to cope with the cold surroundings.

These

physiological changes, eventually resulting in cold adaptation, can be brought about in
response to natural climatic changes (acclimatisation: Scholander et al, 1958b; Kang
et al, 1963) and artificial cold exposures (acclimation: Young et al, 1986; Bittel,
1987).

Cold adaptation, particularly within indigenous groups, but also during

acclimation, has also been associated with an habituation response (LeBlanc and
Pouliot, 1964; Radomski and Boutelier, 1982), in which there is a desensitisation, or
damping of the normal response to a cold stress.

Despite the large number of studies performed, the combination of adaptive
mechanisms during chronic exposure to cold have not been fully identified, and no
single picture of h u m a n adaptation to cold has been consistently characterised. Three
quite different, but not necessarily exclusive, patterns of human cold adaptation have
been reported including: metabolic, hypothermic, and insulative responses (Hammel,
1963). The metabolic adaptation (Scholander et al, 1958a; Keatinge, 1961) is typified
by an increased metabolic heat production, hypothermic adaptation by a greater fall in
T c and reduced metabolic heat production (Briick et al., 1976; Young et al., 1986), and
the insulative adaptation to cold is characterised by lowered skin temperature during
cold stress, while T c and metabolic rate remain near pre-exposure levels (Hong, 1973;
Park etal, 1983).

The major physiological effects of repeated cold-water immersion have been
demonstrated during cold-air exposures prior to, and following, cold-water treatment.
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Similarly, most studies pertaining to cold-water adaptation report physiological changes
prior to, and following, acclimation. Thus, w e do not have a clear understanding of
the dynamics of such changes. Furthermore, there is a paucity of information regarding
the effects of resting cold acclimation on thermoregulation during cold-water exercise.
Therefore, this investigation focussed upon cold-water acclimation responses using
immersion stress tests, comprised of both resting and exercising phases, which were
imposed at three points during acclimation.

3.1.1 Cold acclimatisation

Acclimatisation to cold air has classically been reported in the Australian
Aborigines, and studies on this once geographically and culturally isolated group of
people, are a m o n g the earliest on thermoregulation. Hicks (1964) studied the central
Australian Aborigines during the early 1930's when this particular group of people were
nomadic and wore no clothing. It was reported that the Aborigines exhibited unchanged
metabolic rate, in conjunction with a greater fall in skin temperature, when compared
with non-adapted European subjects while sleeping in the cold (see Hicks (1964) for
review). Studies in the late 1950's, confirmed the changes in skin temperature and
metabolism, and further reported that T c fell to lower levels in the Aborigines compared
to controls (Scholander et al, 1958b; H a m m e l et al, 1959). Such an adaptation was
described as an insulative-hypothermic response, since skin temperature was lowered,
in conjunction with decreased T c .

Individuals participating in occupations or recreational pursuits requiring
repeated exposure to cold-water environments, have also developed an adaptation
response, and is evident during localised cold-water exposure. O n e such example are
the Gaspe fishermen of Quebec, w h o routinely immerse their hands for several hours
a day in cold sea water (9 to 12°C). LeBlanc et al. (1960) found finger temperature to
be higher in the fishermen, in conjunction with a smallerrisein mean arterial pressure,
compared to controls, during 10 min of hand immersion in 2.5°C water, suggesting both
local and central cold adaptations respectively.

These adaptations were further

supported in a study finding that, while the fishermens' feet showed no differences in
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skin temperature, mean arterial pressure was still less than observed in controls
(LeBlanc, 1962). Moreover, exposure of the fishermen to whole-body cooling for 60
min in 15°C water resulted in higher skin temperature over the whole body when
compared to control subjects (LeBlanc et al., 1964). These results could be viewed as
an habituation, presenting as a blunted vasoconstriction response, and as an
acclimatisation due to enhanced cold-induced vasodilation.

In terms of repeated whole-body exposure to cold water, studies performed on
the professional breath-hold divers of Korea (Ama) provide evidence for the existence
of a process for human cold acclimatisation, as opposed to habituation. The A m a work
every day throughout the year in water temperatures ranging from 10-25°C, during the
winter and summer months (Hong et al, 1986). Exposure amounts to an average of
25 and 40 min in the winter and summer months respectively, with drops in rectal
temperature (Tre) to 35°C during both seasons, due to the differences in exposure time.
A series of studies on this population have found a number of adaptive phenomena in
the A m a compared to non-diving females. Initially, a metabolic adaptation was shown
by a consistent, reversible increase in basal metabolic rate during winter, when water
temperature was the lowest (Kang et al, 1963).

Moreover, a significantly lower

critical water temperature for the occurrence of shivering was reported in both summer
and winter, enhancing the ability to maintain a larger temperature gradient from body
core to body surface (Hong, 1963). Furthermore, lower heat flux from the limbs, for
a given blood flow, during immersion in water at critical temperature has been
reported, suggesting a more efficient countercurrent heat exchange system in the limbs
(Hong et al., 1969). Along with the maintenance of higher arm muscle temperature,
in conjunction with lower finger skin temperature and blood flow during immersion of
one hand in 6°C water, suggests the development of a vascular adaptation (Paik et al.,
1972).

A significantly greater maximal thermal insulation has also been reported

(Hong, 1973).

3.1.2 Cold acclimation

The type of acclimation pattern induced experimentally has been found to depend
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on the intensity, duration, and frequency of the acclimation regimen utilised. Studies
of cold acclimation performed over a 2-wk interval for 5 d a w k , and less than 1 hr per
day, have been reported to produce a shivering habituation, whereby the shivering
response is decreased (Armstrong and Thomas, 1991; Silami-Garcia, 1989). Studies
of durations beyond 2 w k , for between 4 and 7 hr per d, have produced hypothermic
habituation, depicted by reduced shivering in conjunction with greater reductions in T c
(Keatinge, 1961; Davis, 1961).

Thermoregulatory responses beyond an habituation have been reported in two
cold-air studies; however, results are conflicting. Scholander et al. (1958b) studied the
thermoregulatory responses of lightly-clothed students camping in the Norwegian
mountains for 6 w k in winter, and found subjects displayed a metabolic form of
adaptation following the acclimation. In contrast, Mathew et al. (1981) showed that,
in conjunction with reduced shivering during 4-hr exposures to 10°C for 21 d, there was
a cold-induced vasodilator response following acclimation. Although, Young (1996)
has suggested that this m a y simply be an habituation of the vasoconstrictor response to
cold. D u e to the limited data available, w e still have a poor understanding of the types
and mechanisms for adaptation to a cold-air environment.

3.1.2.1 Repeated cold-water immersions

The thermal conductivity of water is approximately 25 times greater than that
of still air (Buskirk et al., 1963; Craig and Dvorak, 1966), hence cold-water immersion
produces a more intense challenge to the thermoregulatory system than that imposed
during the same level of stress in cold air.

Furthermore, different patterns of

acclimation are induced depending on the duration, frequency and intensity of the
particular acclimation protocol employed. During an early study, where subjects were
unsupervised (Lapp and Gee, 1967), eight subjects immersed themselves twice a week
for 8 w k , for 1 hr per exposure, in water that was 32°C during the first week, and
progressively cooler water each week thereafter until the eighth week, where water
temperature was 2 1 ° C

Self-reported bouts of shivering decreased over the 8-wk

period, despite the progressive reduction in water temperature.
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In a more controlled study, Radomski and Boutelier (1982) compared the
thermal responses of two groups of subjects during 16 d in the Arctic, where one group
of three subjects was exposed to nine cold-water immersions in 15°C for 20 to 40 min,
over a 2-wk period, 20 d prior to the Arctic exposure. The control group of eight
subjects received no prior cold exposure. N u d e cold tolerance tests in air at 10°C, prior
to the Arctic exposure showed no elevation in metabolism, a smaller decrease in skin
temperature and a decrease in T re in the acclimated group, compared to increases in
metabolism and T re , and larger decreases in skin temperature in the control group.
While these differences persisted following the Arctic exposure, only the changes in T re
remained significantly different. This decrease in T re is consistent with a similar finding
reported later by Tikuisis et al. (1991), during cold-air stress tests for 2 hr in 10°C
prior to, and following, two cold-water immersion protocols of 5 and 10 d. Radomski
and Boutelier (1982) concluded that these responses were indicative of a metabolic and
an hypothermic adaptation in the non-acclimated and acclimated groups respectively.
Furthermore, it was speculated that the hypothermic adaptation m a y be related to an
habituation response, since there was no evidence of sympathetic or adrenocortical
stimulation.

In an immersion study of longer duration, Young et al. (1986) examined the
effects of an acclimation regimen consisting of 90-min immersions in 18°C for 5 d per
w k for 5 w k (n=7), which produced an average daily drop in T re of 1°C.

No

significant differences were found in the T re response between the first and last
immersion exposure. However, changes in physiological responses were reported from
the comparison of cold-air stress tests in 5°C, performed prior to, and following, the
cold-water acclimation regimen. Metabolism was shown to be lower during the first
10 min of the post-acclimation test. Moreover, T re was lower prior to, and during, the
post acclimation cold-air stress test, and the drop in T re during this latter test was
greater. In addition, mean skin temperature (Tsk) was lower following acclimation, and
acclimation resulted in a larger rectal to mean skin temperature gradient. It was
concluded that this type of acclimation protocol could induce an insulative type of
acclimation in humans (Young et al., 1986). In conjunction with the thermoregulatory
adaptations attained in the previous study, M u z a et al. (1988) reported a smaller
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increment in blood pressure following acclimation, while cardiac output responses were
not affected by the acclimation regimen.

Similar thermoregulatory responses leading to an insulative adaptation were
reported by Bittel (1987) in 10 subjects exposed to a 2-hr cold-air stress test in 10°C,
prior to, and following, repeated cold-water immersions in 10 to 15°C for 1 to 3 hr,
five consecutive days per w k for 8 wk.

Following acclimation, a number of

thermoregulatory modifications were observed including, an increase in the delay for
the onset of shivering, a decreased basal Tre, greater decreases in skin temperatures, and
a decrease in the heat debt calculated from the difference between heat gains and heat
losses. In addition to the analysis of the pooled data, Bittel (1987) also analysed
individual reactions and found that while all subjects experienced

common

thermoregulatory reactions, characterising the general insulative adaptation reported,
the way these reactions developed differed within each subject. Five subjects displayed
a metabolic-insulative type, three subjects showed an insulative type, and one subject
showed a metabolic type of adaptation. It was therefore concluded that the development
of a particular type of adaptation was dependent on the physical characteristics of the
subjects, where subjects with greater amounts of adipose tissue showed an insulative
adaptation, with leaner subjects showing a metabolic response (Bittel, 1987). While
Young et al. (1986) reported an adaptation which was primarily insulative, Bittel (1987)
showed a combination of insulative and metabolic adaptations, in response to this type
of acclimation regimen. Although the protocols were somewhat similar, it is difficult
to gauge the level of strain in the latter study, since T c was not measured during
acclimations.

Moreover, in a recent study, Jansky et al. (1996) showed a combined response
following cold-water adaptation.

Subjects were exposed to repeated cold-water

immersions in 14°C, for 1 hr, three times per week, for 4 to 6 wk. It was found that
subjects showed an hypothermic habituation, as depicted by greater falls in T c , in
conjunction with a delayed metabolic response and an attenuation in shivering.
However, in conjunction with the lowered T c , skin temperatures were also decreased,
indicating greater body insulation due to the reduction in the gradient between the skin

Page 121

and the environment following acclimation. Such responses are similar to those of
Young et al (1986), and suggests this type of adaptation m a y be attained using fewer
immersions of shorter duration, but with greater intensity (lower water temperature).
Although, there was a trend towards a small increase in the body fat content of subjects
following adaptation, which m a y have contributed to the findings of this study.

While previous studies report a general categorisation for the type of adaptation
produced, it is confusing at best. Hence, Bittel (1987) demonstrated that heat debt,
which encompasses both heat production and heat loss, could be used as an index of
acclimation. However, a previous study found conflicting results when heat debt was
calculated using three different methods during cold-air acclimation, following repeated
cold-water immersions (Tikuisis et al, 1991). Different types of acclimation were
shown for different individuals, which resulted in pooled responses that indicated no
group acclimation by any of the three methods of calculation. Tikuisis et al. (1991)
thus demonstrated that conditions exist where no change in heat debt can mask actual
changes in insulation and metabolism, suggesting that heat debt should not be used as
the only index of acclimation.

During studies of repeated cold-water immersion, the effects of exercise on any
adaptation obtained has received very little attention. Golden and Tipton (1988) studied
two groups of eight subjects, w h o performed 10 head-out immersions, of which day one
and day 10 were in thermoneutral water which was then cooled until the subject
shivered vigorously, and eight immersions in 15°C for 40 min. During the second to
sixth immersion, one group exercised while the other group remained at rest, with the
first and last of these days spent at rest for the exercise group, or exercising if subjects
were in the resting group.

Only the resting group produced a reduction in the

metabolic response to cold during rest. However, this adaptation was obscured during
the subsequent immersion with exercise, suggesting the adaptation attained was very
specific to the exposure conditions.
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3.1.3 S u m m a r y

Although a number of studies have been performed on human adaptation to both
cold air and cold water, the combination of adaptive mechanisms to cold have not been
clearly identified, and the characterisation of a single picture of human cold acclimation
has not been shown consistently. The patterns of human cold adaptation that have
emerged include metabolic, hypothermic, insulative, as well as combinations of the
three. Adaptation to cold can also manifest itself as an habituation, where the initial
response to cold is eventually diminished, once the situation is perceived as less
threatening. Classically, the Australian Aborigines have shown a mixed response, as
evidenced by an insulative-hypothermic adaptation to cold air, while the Korean breathhold divers have shown a more complete insulative type of adaptation.

Adaptation to artificial exposures shows different patterns, depending on
exposure to air or water, and the intensity and duration of the exposures. Certainly
exposure to cold water does not show a single acclimation response across subjects.
Apart from Young et al (1986), the level of strain induced during the actual cold-water
acclimation regimen has not been measured, therefore producing difficulty in making
comparisons across protocols. In addition, while changes in forearm blood flow (Q F )
and skin blood flow (Q Sk ) are based on speculation from skin temperature changes,
these variables have not been measured previously during cold-water acclimation. Most
studies pertaining to cold-water adaptation study physiological changes prior to and
following the acclimation regimen. However, w e do not have a clear understanding of
possible changes during a protocol. Furthermore, there is a paucity of information
regarding the effects of resting acclimation on thermoregulation during exercise.

Possible answers to cold-water adaptation may lie in the individual responses to
the adaptation process. Bittel (1987) found an overall insulative response, however,
upon analysis of individual data only half of the subjects fitted this pattern. M o r e work
is needed to delineate these individual responses to better understand the acclimation
process. Furthermore, there seems to be confusion in the literature regarding those
adaptation responses which are acclimation and those which are an habituation response.
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For example, w h e n referring to the attenuated vasoconstrictor response following cold
acclimation, some would classify the response as an habituation, while others would
classify it as an acclimation (vasodilation response). Clarification is needed in this area.

Therefore, this investigation addressed several key gaps in our understanding of
cold-water adaptation: (i) quantification of the physiological strain imposed during each
cold-water immersion by taking T c measurements during all acclimation days, (ii)
measurement of physiological changes during the adaptation regimen to determine the
dynamics of possible changes, (iii) quantification of both Q F and Q S k responses during
cold adaptation, (iv) provision of more information regarding the effects of repeated
resting cold-water immersions on thermoregulation during cold-water exercise, and (v)
closer analysis of the individual responses to cold-water adaptation, in an attempt to
characterise the mechanisms for possible differences in adaptation.

3.2 METHODS

3.2.1 Subjects

Seven healthy active males1, with the characteristics listed in Table 3.1,
participated as subjects in this study approved by the University's
Experimentation Ethics Committee.

Human

Each subject received a Subject Information

Package and provided informed consent before participating.

Thermoregulatory

variables were measured during three 90-min immersions, interspersed throughout a 15day cold-water acclimation programme.

3.2.2 Procedures

3.2.2.1 Cold-water stress test

Subjects were exposed to a cold-water stress test (CWST) on days one, eight,

^ight subjects were originally recruited, with one withdrawal due to illness
unrelated to the study.
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Table 3.1: Physical characteristics of subjects
Subject

Age (yr)

Height (cm)

Mass (kg)

E8skf ( m m )

si

19

169.9

70.27

139.1

s2

24

168.0

68.26

94.1

s3

21

184.0

79.17

113.6

s4

43

186.0

81.37

89.1

s5

27

183.0

79.99

129.9

s6

19

178.0

74.45

94.0

s7

19

169.0

65.01

91.7

Mean

24.6

176.84

74.07

107.36

S.D.

8.7

7.77

6.39

20.36

Abbreviations: E8skf = sum of eight skinfold sites (biceps, triceps, subscapular,
midaxillary, suprailiac, abdominal, thigh, and calf skinfold thickness); S.D. = standard
deviation.
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and 15 of a 15-d cold-water acclimation protocol (18.11°C (S.D. 0.12)). Each C W S T
consisted of two phases (i) rest (60 min); (ii) cycling (30 min at 1 watt-kg"1). Exercise
was performed on an electronically-braked underwater cycle ergometer (Collins
Pedalmate, Warren E. Collins, Inc., Massachusetts, U.S.A.), with the components
sealed in a pressurised perspex box. The mean air temperature was 21.33°C (S.D.
0.93), with black globe temperature within 1.5°C of the air temperature. Wind velocity
was less than 0.1 m-s 1 (SK, O g a w a Seiki Co. Ltd., Tokyo, Japan). The immersion
depth of the subjects was to the forth intercostal space and was dictated by the necessity
to have both arms out of the water, and supported by a wooden tray across the tank.
This was to allow measurement of Q F and Q s k on the left arm, and for a blood sampling
catheter inserted in therightarm. The immersion tank and components to control the
water temperature were those described in Section 2.2.2.1.

Measurements during the testing included: Tc (oesophageal, rectal, aural), skin
temperatures (8 sites), cardiac frequency (/c), oxygen consumption (V 0 2 ), Q F , Q S k and
change in body mass. Core and skin temperatures were measured at 1 H z , while/! was
measured at 0.2 H z .

Oxygen consumption was measured every 10 min during

immersion, over 3 min periods. Skin blood flow and Q F data were sampled at 20 H z
every 10 min for 5 min, where Q s k was taken as the first 3 min of each 5-min period,
and Q F during the last 2 min, to minimise measurement artefact from cuff inflation
during plethysmography.

3.2.2.2 Acclimation protocol

Subjects participated in a cold-water acclimation protocol, beginning the day
immediately following thefirstC W S T , on days two to seven and nine to 14, with
C W S T s on day eight and 15. The acclimation protocol involved 90-min, cold-water
immersions (18.41°C (S.D. 0.38)), in an air temperature of 21.29°C (S.D. 0.97), with
the subjects seated at rest and immersed to the fourth intercostal space.

Rectal

temperature was monitored throughout the exposures, primarily to determine the
magnitude of change during the exposures, but also for safety purposes. A n immersion
was terminated earlier if T rc fell below 35°C for more than one min.
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3.2.2.3 Experimental standardisation

T o minimise extraneous factors during testing, subjects were asked to refrain
from strenuous exercise (apart from that demanded by the experiment), and to abstain
from the consumption of food, alcohol and caffeine within 12 hr of each C W S T . Such
information was documented in the subject information package. Subjects were also
required to consume a standard breakfast (see Section 3.2.2.4).

T o minimise

acclimation effects, the study was conducted during the months April and M a y ,
corresponding to the Southern Hemisphere autumn, with a daily average air temperature
of 17.00°C (S.D. 2.25). Furthermore, all C W S T s for each subject were performed at
the same time of day to control for circadian shifts in T c .

3.2.2.4 Subject preparation for cold-water stress test days

On arrival at the laboratory for the CWST days, subjects were measured for
mass, height and skinfold thickness.

A standard breakfast was then provided,

containing approximately 38 kJ-kg1 of body mass, supplemented by 5 ml-kg"1 of water
and 2 ml-kg'1 of orange juice, to ensure subjects were euhydrated before testing
commenced.

Two hours after breakfast, subjects inserted their own thermistor, for the
measurement of Tre, to a predetermined depth of 12 cm. A n / C monitor was then fitted
around the chest and skin thermistors were attached at eight sites with a single layer of
waterproof tape, with dimensions of approximately 2 c m by 2 cm. The auditory canal
thermistor was inserted to a depth of 1 c m into therightear, insulated with a wad of
cotton wool and held in place by porous tape. Coordinates for the laser probe site for
the measurement of Q S k were established on the left forearm, as the point 11 c m distal
to the radial tuberosity, on a line between the radial tuberosity and the head of the
radius (Cotter et al., 1993). These coordinates were adhered to for future measurement
days. U p o n site location, a plastic holder was cemented to the skin (Collodion®,
Mavidon Medical Products, U.S.A.), to allow the laser probe to sit precisely on the
skin and to remove pressure artefact. In addition, the largest circumference of the left
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forearm was measured and marked for strain gauge placement to measure Q F . The
headset for V 0 2 data collection was also fitted for use throughout the immersion
exposure.

Finally, the oesophageal probe was inserted according to a prediction

equation based on the sitting height of the subject, whereby probe insertion length (cm)
= 0.479*(sitting height)-4.44 (Mekjavic and Remple, 1990). Baseline measurements
for these variables were then collected for a 5-min period prior to immersion.

3.2.7 Apparatus

3.2.7.1 Oxygen consumption

Data for the determination of V02 were collected using a Quinton Q-Plex I
system (Quinton Instrument Company, Q-Plex I, Seattle, U.S.A.) that was comprised
of a pneumotachograph (Model 3813, Hans Rudolph Inc., Kansas City, U.S.A.), a
zirconia oxide oxygen analyser, and an infrared absorption carbon dioxide analyser.
Subjects breathed through a Hans Rudolph two-way valve (dead space 115 ml),
connected to the Q-Plex I by 3 5 m m of low-resistance tubing. T o counter acute
hyperventilation, the mouthpiece was inserted in the subject's mouth 30 s prior to each
data collection. A headset held the valve in position while allowing freedom of
movement.

This measurement system has been previously validated (see Section

2.2.5.1).

3.2.7.1.1 Determination of oxygen consumption threshold and sensitivity

Oxygen consumption threshold and sensitivity were determined from the
individual plots for each subject, of the relationship between change in V 0 2 and mean
body temperature (T b ) during the resting phase of each C W S T . Once obvious plateaux
were deleted, where V G 2 was not changing between points, linear functions werefitto
the remaining data to obtain the sensitivity (slope of each line).

T o obtain the

thresholds, the linear functions were solved to obtain the x-intercept, where y = 0.
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3.2.7.2 Forearm blood flow

Forearm blood flow data was collected using venous-occlusion plethysmography
(EC 4 Plethysmograph, D.E. Hokanson, Inc., U.S.A.). A schematic of the system is
shown in Figure 2.5 and a more detailed method is described in Section 2.2.5.2.
Briefly, the measurement relied on the occlusion of forearm venous return, while not
changing arterial inflow. This was achieved by inflating a venous-occlusion cuff,
placed proximal to the left elbow, to a pressure of 50 m m H g . D u e to the variability
of hand blood flow, a second cuff was inflated at the left wrist to 160 m m H g to prevent
flow and to remove any artefact. Forearm blood flow data were collected for 1.5 min
every 10 min during immersion. The cuff was automatically inflated for 8 s and
deflated for 12 s, for a total offiveinflations every 10 min. Analog output from the
plethysmography system, sampled at 20 H z , was passed, via an eight channel, 12-bit
analog-to-digital converter (Computer Boards Inc., PPIO-A18, Mansfield, U.S.A.), to
an I B M compatible laptop computer (Total Peripherals, Notebook 386SX, Sydney,
Australia). A n example of the venous-occlusion plethysmography output, and the
method for blood flow calculation is shown in Figure 2.6. Calculation was based on
Equation 11 in Section 2.2.5.2.1.

3.2.7.3 Skin blood flow

Data for Qsk were collected (20 Hz) using laser-Doppler velocimetry
(Vasamedics Inc.,TSI Laserflo B P M 2 , U S A ) . The method depends on the Doppler shift
of laser light reflected from moving particles (Johnson et al, 1984), and is described
in more detail in Section 2.2.5.3.

The Laserflo B P M 2 incorporated a gallium

aluminium arsenide semiconductor laser, operating in a single longitudinal mode, with
a wavelength of 780 nanometers. The fiber optic probe had two receiving fibers with
a core diameter of 100 microns, a numerical aperture of 0.28, and a spacing of 0.5 m m
from the transmittingfiber,which had a core diameter of 50 microns and a numerical
aperture of 0.20 (Borgos, 1990). Prior to each test, the integrity of the fiber optic
probe and the electrical zero of the system zero were checked. Analog output was
passed, via an eight channel, 12-bit analog-to-digital converter (Computer Boards Inc.,
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PPI0-A18, Mansfield, U.S.A.), to an I B M compatible laptop computer (Total
Peripherals, Notebook 386SX, Sydney, Australia).

3.2.7.4 Body core temperature

Body temperature was measured (1 Hz) from three sites: oesophagus (Tes),
auditory canal (Tac), and rectum (Tre). Oesophageal temperature was measured using
a probe (Edale Instruments, Cambridge Ltd., U.K.) inserted to a level using a
prediction equation based on the sitting height of the subject (see Section 3.2.2.4).
Auditory canal temperature was measured using a thermistor probe (Edale Instruments
Ltd., Cambridge, U.K.) inserted into the left auditory canal, to a depth of
approximately 10 m m . The probe was secured with a cotton wad and held in place
with tape. Rectal temperature was measured using a thermistor (YSI type-401, Yellow
Springs Instruments Co. Inc., Ohio, U.S.A.) positioned 12 c m beyond the anal
sphincter.

3.2.7.5 Skin temperature

Skin temperatures were monitored at 0.2 Hz using thermistors (EU type, Yellow
Springs Instruments Co. Inc., Ohio, U.S.A.) located at eight sites. These sites
included: forehead,rightscapula, left upper chest,rightarm, left forearm, left hand,
right anterior thigh, and left calf (International Standards Organization, 1992).
Measurements were recorded using a data logger (1206 Series Squirrel, Grant
Instruments Ltd., Cambridge, U.K.) and later downloaded to a computer for storage.
These measurements were used to determine mean skin temperature (Tslc) and mean
body temperature (T b ), according to Equation 12 and 14 respectively in Section 2.2.5.5.
In addition to the T s k for eight sites, skin temperatures were fractionated into those sites
exposed to the air (forehead, scapula,rightarm, forearm, and hand) and those sites
immersed in the water (chest, anterior thigh, and medial calf). The mean weighted
equation was modified so that each weighting coefficient was altered proportionately,
summing to one. Non-immersed and immersed T s k were calculated using Equation 15
and 16 respectively in Section 2.2.5.5.
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3.2.7.5.1 Calibration

All thermistors, including skin, oesophageal, rectal and auditory canal were
calibrated in a stirred water bath (Grant Instruments Ltd., Cambridge, U.K.) against
a calibrated, certified referenced mercury thermometer (Dobbie Instruments, Dobros
total immersion, Australia).

The procedure was described in detail in Section

2.2.5.5.1. Linear analysis was performed on collected data and a calibration equation
established for each thermistor.

Using the coefficients of the linear equations,

thermistor output data were converted to the corrected temperatures.

3.2.7.6 Cardiac frequency

Cardiac frequency was monitored continuously from ventricular depolarisation
at 0.2 H z (Model PE3000, Polar Electro SportTester, Finland) and subsequently
downloaded to computer for storage. Cardiac frequency, determined using this system,
has been validated in our laboratory against afive-leadelectrocardiogram (see Section
2.2.5.6).

3.2.7.7 Mass, height and skinfolds

Subject mass was determined using high-resolution platform scales (Model No.
fw-150k, A & D electronic balance, California, U.S.A.) calibrated against known mass
standards, and height was measured using a stadiometer (Holtain Ltd., U.K.). Skinfold
measurements (see Section 2.2.5.7) were taken with skinfold calipers (Eiken Type
Skinfold Caliper, Meikosha Co., Ltd., Tokyo, Japan).

3.2.8 Analysis

Core and skin temperatures and/c were averaged for the 2 min prior to each 5min interval, such that values were derived for each 5-min period from 0 to 90 min of
exposure. In addition, the mean T c for each site was determined for the rest phase of
each C W S T .

Oxygen consumption and Q s k were averaged over the 3 min of data

Page 131

collection at each 10-min interval. Forearm blood flow was averaged from the five
inflations performed in 1.5 min following each 3-min Qslc measurement period. The
integrated change in V G 2 , Q F , Q sk , and /c was determined for the rest and exercise
phases of each C W S T separately.

Linear regression analysis was performed to

determine the slopes of the relationships between T b and change in V 0 2 , and T b and
change in Q F . The linear functions obtained for the relationship between T b and change
in V Q 2 were solved for x, where y = 0, to obtain the threshold. Polynomials were fit
to the 5-s resting data of the Tcs for the determination of the change in the slope of T es
between C W S T s , and differences in the slopes between T c sites.

Multivariate, repeated measures analysis of variance (ANOVA) was used to
determine differences with acclimation (day 1, 8 and 15) and exposure time (SAS®;
S A S Institute Inc., U.S. A.). In the event of a significant result, Tukey's test of Wholly
Significant Difference was used to determine specific differences. Paired t-tests were
conducted on the changes in V 0 2 , Q F , and Q s k to determine differences between baseline
and 60 min of immersion during C W S T 1 . Alpha was set at 0.05 for all analyses.
W h e n differences were not significant, the power (</>) of the analysis was computed.

Composite diagrams were constructed, modified from Bittel (1987), to indicate
individual acclimation to cold. Changes in the responses of subjects during C W S T 2 and
C W S T 3 , compared to C W S T 1 , were indicated by the changes in V 0 2 and immersed T s k
during the resting and exercising periods of the C W S T s separately, compared with the
pre-exposure and of rest period respectively. Positive changes in V 0 2 , indicated a
metabolic acclimation, while negative changes of immersed T s k indicated an insulative
acclimation.
acclimation.

A

combination of these changes indicated a metabolic-insulative

Moreover, the difference between the mean T es during the rest and

exercise phases were compared to pre-exposure and pre-exercise levels respectively,
whereby negative changes represented an hypothermic acclimation. Computation of the
mean changes in V 0 2 , immersed T s k and T es were separated into the resting and exercise
phases of the C W S T s . During rest, the mean changes in V 0 2 and immersed T s k within
a C W S T were calculated by subtracting the value at pre-exposure from the value at 60
min of immersion. For Te3, the mean value was determined for the resting phase. T o
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determine the level of acclimation, the change score computed for C W S T 1 was
subtracted from C W S T 2 and C W S T 3 respectively. Similar calculations were used for
the exercise period, except that mean changes were determined by subtracting the value
at the end of the resting immersion period from the value at 90 min of immersion.

3.3 RESULTS

3.3.1 Responses during cold-water acclimation davs

Five of the seven subjects completed all 12 acclimation days, with two subjects
missing a session each very early on during the protocol, due to reasons unrelated to
the study. The missed session was made up gradually, by adding equal amounts of time
to successive immersions, so that the average daily thermal impulse2 for the subjects
was -168.51°C-min (S.D. 47.66), while the mean total thermal impulse was -2022.11
°C-min (S.D. 571.86). Individual values for pre-immersion and terminal Tre, and the
Tre change induced in 90 min are shown in Table 3.2, for thefirstand the twelfth coldwater resting acclimation immersions. During the acclimation days, Tre decreased
during each 90-min exposure, and the mean decrease in Tre was -1.87°C (±0.20), with
the average slope of the change in Tre across days being +0.05 ''C-day"1 (±0.03; Figure
3.1). All subjects completed each acclimation exposure without early termination (see
Section 3.2.2.2). As the acclimation days progressed, the decrease in Tre became less
pronounced, however, the slope was not significantly different from zero (P>0.05;
Figure 3.1). In contrast, the decrease in Tre was significantly reduced during the
immersion period of the twelfth, compared to thefirstacclimation day (P<0.05).

2

The thermal impulse was used to quantify strain on acclimation days, and was
calculated for each subject as the integrated T c change during each exposure. The total
thermal impulse was then the sum of the values for each subject, for the 12 acclimation
days, while the average daily thermal impulse was the total thermal impulse divided by
12.
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Table 3.2: Changes in rectal temperature during cold-water acclimation
Subject

Day two (°C)

Day 14 (°C)

Initial

Final

Change

Initial

Final

Change

1

37.53

36.41

-1.12

37.79

36.54

-1.25

2

37.02

35.01

-2.01

37.07

35.47

-1.61

3

37.17

34.31

-2.86

37.04

34.44

-2.60

4

37.22

35.75

-1.47

36.77

35.95

-0.82

5

37.81

36.28

-1.53

36.29

35.34

-0.95

6

37.39

35.19

-2.20

37.53

36.19

-1.34

7

37.89

35.49

-2.40

37.22

35.97

-1.25

Mean

37.43

35.49

-1.94*

37.10

35.70

-1.40

SEM

0.12

0.28

0.23

0.19

0.26

0.22

Abbreviations: S E M = standard error of the mean; * = significant difference between
day two and day 14.
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Figure 3.1: Change in rectal temperature (Trc) across the 15 days of the acclimation
protocol.

Day one, eight and 15 represent three cold-water stress tests ( C W S T :

18.11°C (S.D. 0.12)) and days two to seven, and nine to 14 represent 12 acclimation
days (90-min rest; 18.50°C (S.D. 0.37)). Data are means with standard errors of the
means. * = day 2 significantly different from day 14 (first and last acclimation days).
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3.3.2 Physiological comparisons between cold-water stress test days

3.3.2.1 Thermometry

Pre-exposure baseline Tcs remained unchanged at all three sites throughout the
course of the 15-d acclimation protocol. Although progressive declines were observed
in Tes, Tre, and T ac during the course of each C W S T (effect of time, P<0.05),
acclimation produced no significant differences for any index of T c , reported
individually (Figure 3.23) or as a mean T c (P>0.05, <£<0.20; Figure 3.3). While not
a purpose of this project, these T c data indicated that each of the three measurements
provided essentially the same information concerning the deep-body thermal status of
these subjects. Beyond the paradoxical T es increase, observed upon moving to a cooler
temperature, noticeable in all three trials, T es decreased 0.70°C (±0.12), 0.64°C
(±0.08), and 0.70°C (±0.08); for C W S T 1 , 2 and 3 respectively during rest. Auditory
canal temperatures were normalised to C W S T 1 to account for small differences in
ambient temperature, which may have influenced results. A s a result, T ac decreased
0.71°C (±0.09), 0.64°C (±0.09), and 0.54°C (±0.09), for C W S T 1 , 2 and 3
respectively during rest. Average decreases in resting T re were 1.13°C (±0.20), 0.90°C
(±0.17), and 1.01°C (±0.31), for C W S T 1 , 2 and 3 respectively. The tendency for all
Tcs to decrease less during the resting phase of C W S T 2 and 3 was shown by a trend
for the mean of each T c , across the 60-min rest period of each C W S T , to be maintained
higher in C W S T 2 and 3, when compared to C W S T 1 (see insert graphs of Figures 3.2
and 3.3).

The exercise phase of the CWSTs showed further decreases in all Tcs, which,
in contrast to the resting period, tended to become more pronounced following
acclimation (P>0.05; Figure 3.2). Average decreases during exercise were 0.55°C
(±0.15), 0.62°C (±0.15), and 0.65°C (±0.16) for Tes, 0.54°C (±0.11), 0.73°C

3

A11 figures relating to thermometry variables illustrate curves which are the raw
data sampled at 1 H z , or 0.2 H z in the case of f, and symbols which are the 5-min
averaged data (average of the 2 min prior to each 5-min interval), used for statistical
purposes.
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Figure 3.2: (A): Oesophageal (TJ, (B): auditory canal (Tac) and (C): rectal temperature
(Trc) during three 90-min, cold-water stress tests ( C W S T : 18.11°C (S.D. 0.12)) on day
one, eight and 15 of a cold-water acclimation protocol (90-min rest; 18.50°C (S.D.
0.37)). Insert graphs (D, E, and F) represent the respective T c averaged over the rest
phase of each C W S T . Data are means with standard errors of the means.
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Figure 3.3: M e a n core temperature (Mean T c ) during three 90-min, cold-water stress
tests ( C W S T : 18.11°C (S.D. 0.12)) on day one, eight and 15 of a cold-water
acclimation protocol (90-min rest; 18.50°C (S.D. 0.37)). The insert graph shows the
mean T c averaged over the 60-min rest phase of each of the cold-water stress test days.
Data are means with standard errors of the means.
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(±0.09), and 0.68°C (±0.05) for Tac, and 0.58°C (±0.14), 0.84°C (±0.11), and
0.68°C (±0.12) for Trc, following C W S T 1 , 2, and 3 respectively. W h e n a simple
linear model was applied to T c change during the rest and exercise phases of the
C W S T s , no significant differences were found, apart from the significantly decreased
slope for T ^ change compared to T re during the rest phase, and both T ac and T re during
the exercise phase of C W S T 2 (P<0.05). While not significant, there was a general
trend for the rate of T c change to decrease during the resting phase, and increase during
the exercise phase of C W S T 2 and 3, compared to C W S T 1 (P>0.05; Table 3.3).
However, when the rate of T c change during rest was compared with that during the
corresponding exercise phase, both T ac and T re showed significantly greater changes
during exercise, compared to rest in C W S T 2 , while only T ac showed such a difference
during C W S T 3 (P<0.05; Table 3.3). If T es is assumed to be the primary T c , the
differences in T ac and T re between the rest and exercise phases may simply be artefact,
based on methodological differences.

While skin temperature was measured at eight sites, three sites were immersed
(chest, thigh, and calf) and five sites were not immersed (forehead, scapula, arm,
forearm and hand), making the interpretation of a weighted T s k more complex. Skin
temperatures were therefore fractionated into immersed and non-immersed sites, with
the weighting for each skin temperature site altered accordingly (see Section 2.2.5.5 for
modified equations). Generally, skin temperature declined rapidly during thefirst5
min of each C W S T , which then reached a plateau for the remainder of the trial. The
decreases in T s k and immersed T s k were not significantly different as a result of the
acclimation protocol, during either the rest or exercise phases (P>0.05, </><0.30;
Figure 3.4A and C ) . However, non-immersed T s k was significantly lower during
C W S T 1 compared to C W S T 2 , from 55 to 70 min, and compared to C W S T 3 from 65
to 90 min (P<0.05; Figure 3.4B). However, this difference was probably a reflection
of an approximate 1°C increase in ambient temperature during C W S T 2 and 3 during
these time intervals, rather than an acclimation effect, averaging 20.17°C (S.D. 0.58),
20.94°C (S.D. 1.07), and 21.21°C (S.D. 0.78) for C W S T 1 through to C W S T 3
respectively, since it has been demonstrated previously that skin temperature is a
function of ambient temperature (Nielsen and Nielsen, 1965).
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Table 3.3: The rates of core temperature change (dT/dt: ''Cmin"1) for rectal (Tre),
oesophageal (Tcs), and auditory canal temperature (Tac) during the resting and
exercising phases of three cold water stress tests (CWST)s.

CWST1

CWST2

CWST3

Rest

-0.012 (0.002)

-0.009 (0.002)*

-0.010 (0.002)

Exercise

-0.015 (0.004)

-0.017 (0.005)+

-0.016 (0.003)

Rest

-0.014 (0.002)

-0.011 (0.003)*

-0.010 (0.002)*

Exercise

-0.018 (0.003)

-0.026 (0.003)

-0.024 (0.002)

Rest

-0.022 (0.005)

-0.016 (0.004)*

-0.020 (0.006)

Exercise

-0.021 (0.004)

-0.029 (0.003)

-0.023 (0.004)

T

T

T

Values are means with standard errors of the means in parentheses. * = significantly
different from Tre; + = significantly different from T re and Tac; * = significantly
different from the corresponding rate of T c change observed during exercise.
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Figure 3.4: Effects of a 15-day cold-water acclimation protocol (90-min rest; 18.50°C
(S.D. 0.37)) on (A): mean skin temperature (T sk ), (B): non-immersed and (C):
immersed mean skin temperatures during three 90-min cold-water stress tests ( C W S T :
18.11°C (S.D. 0.12)). Data are means with standard errors of the means. (1 =
significant difference between C W S T 1 and 2; 2 = C W S T 1 and 3 significantly different).
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During each C W S T , the rapid fall in T b during thefirst5 min was primarily due
to falling T sk . These decreases in T b were not significantly different between conditions
during the rest or exercise phases of the C W S T s (P>0.05; Figure 3.5A).
Furthermore, no differences were observed in the oesophageal to immersed mean skin
temperature gradient (Tes:Tsk; P > 0 . 0 5 ; Figure 3.5B). This gradient may provide an
indication of the transfer of heat between the body core and the insulative shell (Young
et al., 1986). A plateau in the gradient was observed by 10 min of immersion, which
then remained stable throughout rest and during exercise. Evidently, tissue heat
conductance remained constant during each C W S T , and was unaltered as a result of
cold-water acclimation. The thermal gradients, averaged over the trials, from 10 min
were: 16.88°C (±0.62), 16.72°C (±0.37), and 16.71°C (±0.46), for C W S T 1 , 2 and
3 respectively.

Similarly, the gradient between thigh and calf skin temperatures

(Tthigh:Tcaif), calculated to give an indication of lower extremity vasoconstriction, showed
no significant differences as a result of the acclimation protocol (P>0.05; Figure
3.5C). However, there was a tendency for this gradient to be lower, due to a slightly
reduced thigh temperature in conjunction with constant calf temperature, suggesting
vasoconstriction in C W S T 2 and 3, when compared to C W S T 1 during rest, averaging
0.66°C (±0.18), 0.31°C (±0.15), and 0.40°C (±0.13) by 60 min, for C W S T 1 , 2 and
3 respectively. This observation was consistent with the maintenance of T c at higher
temperatures following acclimation. The exercise phase brought the T ^ T ^ closer
together by the conclusion of each test, with values of 0.59°C (±0.20), 0.49°C
(±0.15), and 0.55°C (±0.11), for C W S T 1 , 2 and 3 respectively.

3.3.2.2 Thermogenesis

Pre-exposure baseline V02 remained similar between trials, averaging 4.21
ml-kg"1 -min1 (±0.13). If this is expressed as the energy cost relative to an individual's
resting energy expenditure (metabolic equivalents: M E T S ) , where 3.5 ml-kg"1-min"1 is
considered resting, baseline V 0 2 was approximately 2 0 % higher. Since the mean body
mass for subjects was 74.07 kg, this equates to an absolute value of 0.31 1-min"1 and
approximates a typical resting V 0 2 . The commencement of the C W S T s caused V G 2 to
increase in all subjects. However, the magnitude of this response varied between
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Figure 3.5: (A): M e a n body temperature (T b ), (B): oesophageal to immersed mean skin
(Tcs:Tsk) and (C): thigh to calf skin temperature gradients ( T ^ i T ^ ) on day one, eight
and 15 of a cold-water acclimation protocol (90-min rest; 18.50°C (S.D. 0.37)) during
three 90-min cold-water stress tests ( C W S T : 18.11°C (S.D. 0.12)). Data are means
with standard errors of the means.
Page 143

individuals. Figure 3.6A illustrates the V 0 2 response of two subjects (high and low
responder) during the rest period of C W S T 1 , showing a 3 8 % greater increase in V 0 2
in one subject, compared to the other. W h e n averaged across subjects, V G 2 showed a
13.54 ml-kg"1-min1 (±0.88) increase by 60 min of immersion in C W S T 1 (3.9 M E T S ) ,
when compared to the baseline V 0 2 (P<0.05; Figure 3.6B).

While V02 increased during all three CWSTs, the increase was significantly less
during the resting phase of C W S T 3 beyond 20 min compared to C W S T 1 (P<0.05;
Figure 3.7 A ) , averaging 11.15 ml-kg"1-min"1 (±0.25) and 8.61 ml-kg"1-min"1 (±0.90)
by 50 min for C W S T 1 and 3 respectively. Furthermore, when expressed as a change
in V 0 2 , the increase observed during the resting phase of C W S T 1 was significantly
greater than observed for both C W S T 2 and 3 (P<0.05; Figure 3.7B).

There were no changes in the thermogenic threshold with respect to Tb, across
the C W S T trials, with thresholds averaging 33.17°C (±0.19), 33.68°C (±0.29) and
33.56°C (±0.26; P > 0 . 0 5 , Table 3.4 for individual data, Figure 3.8), for C W S T 1 , 2
and 3 respectively. Similarly, the sensitivity of the relationship between change in V 0 2
and T b during the resting phase, across the C W S T trials produced no significant
changes averaging 8.58 ml-kg1-min1 ^C"1 (±2.03), 7.56 ml -kg"1 -min"1 •''C"1 (±3.12) and
3.76 ml-kg"1 -min1 -T'1 (±0.61; P>0.05) for C W S T 1 , 2 and 3 respectively (P>0.05;
Table 3.4, Figure 3.8).

The exercise period showed further increases in V02 from the resting phase in
all three C W S T s . W h e n expressed in M E T S , the energy cost for subjects was 5.23,
5.17, and 4.68 times that required to support the energy needs at rest for C W S T 1 , 2
and 3 respectively. These values would equate to a 70 kg person cycling at 80.05,
79.13, and 63.24 watts for C W S T 1 through to C W S T 3 . A response similar to the
resting phase was shown, but was significant at only thefirstsampling point following
the initiation of the exercise phase, averaging 17.74 ml-kg"1-min1 (±0.70) and 15.04
ml-kg"1-min"1 (±0.91) for C W S T 1 and 3 respectively (P<0.05; Figure 3.7A).
Moreover, while there appeared to be a decrease from C W S T 1 to C W S T 3 when
expressed as a change in V 0 2 , it was not found to be significant (P>0.05; Figure 3.7B).
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Figure 3.6: Variability in the oxygen consumption (V Q2 ) response data for two subjects
(A), and the mean V D 2 response (B) during the 60-min rest period of thefirstcold-water
stress test (18.11°C (S.D. 0.12)). Data are means with standard errors of the means.
* = significant difference between responses.
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Figure 3.7: (A): Oxygen consumption (V G2 ) and (B): the mean change in V 0 2 during
three 90-min cold-water stress tests ( C W S T : 18.11°C (S.D. 0.12)) on day one, eight
and 15 of a cold-water acclimation protocol (90-min rest; 18.50°C (S.D. 0.37)). Data
are means with standard errors of the means. (1 = significant difference between
C W S T 1 and C W S T 2 ; 2 = significant difference between C W S T 1 and C W S T 3 ) .
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Table 3.4: The thresholds and sensitivities of the mean body temperature to oxygen
consumption relationship for three 90-min cold-water stress tests ( C W S T : 18.11°C
(S.D. 0.12)) on day one, eight and 15 of a cold-water acclimation protocol (90-min
rest; 18.50°C (S.D. 0.37)).
Threshold (°C)

Sensitivity (ml -kg"1 -min1 -°CA)

Subject

CWST1

CWST2

CWST3

1

34.24

33.74

33.47

6.76

5.66

3.72

2

32.77

35.02

33.64

20.30

1.74

3.35

3

33.17

32.98

33.08

7.78

4.05

3.13

4

32.81

32.76

33.12

8.93

10.78

6.32

5

32.97

33.34

35.01

5.43

25.02

0.99

6

32.97

34.22

33.59

6.52

2.73

4.62

7

33.26

33.68

33.04

4.37

2.97

'4.21

Mean

33.17

33.68

33.56

8.58

7.56

3.76

CWST1

SEM
2.03
0.29
0.26
0.19
Abbreviations: S E M = standard error of the mean.

CWST2

CWST3

3.12

0.61

Figure 3.8: The relationship between oxygen consumption and mean body temperature
during the 60-min rest periods of three cold-water stress tests ( C W S T : 18.11°C (S.D.
0.12)) on day one, eight and 15 of a cold-water acclimation protocol (90-min rest;
18.50°C (S.D. 0.37)). Data are means with standard errors of the means.

Page 147

T o evaluate the effect of the cold exclusively during the 30-min exercise period
of the C W S T s , V Q 2 data collected from the exercise period of stress tests performed on
the same subjects in w a r m water (33.31°C (S.D. 0.55)), using identical work rates, was
subtracted from those performed in the cold. During the exercise period, the average
increase in V 0 2 at 90 min, compared to 60 min, as a result of the cold exclusively, was
11.36 ml-kg"1 min"1 (±0.98), 11.14 ml-kg^-min"1 (±0.45), and 9.44 ml-kg"1-min-1
(±1.26) for C W S T 1 , 2 and 3 respectively. Since V 0 2 averaged 11.15 ml-kg"1 min"1
(±0.25), 9.19 ml-kg"1-min"1 (±0.72), and 8.61 ml-kg^-min"1 (±0.90) by the end of the
rest phase, for the three C W S T s respectively, the further small increases in V Q 2 during
the exercise phase of C W S T 2 and 3, as a result of the cold, may be related to the
greater falls in T c observed during these trials.

3.3.2.3 Cardiovascular responses

Upon immersion in all three CWSTs, fc showed pronounced bradycardia, as
depicted by 17.45% (±4.38), 19.24% (±3.68), 19.38% (±4.55 ) decreases from preexposure values, by 5 min of each immersion exposure, for C W S T 1 to C W S T 3
respectively. This response would be expected in response to the redistribution of
peripheral blood to the central blood volume, resulting from the hydrostatic effect, with
concomitant increases in cardiac output and stroke volume (Arborelius et al, 1972).
Cardiac frequency was significantly lower during the resting phase of C W S T 3 compared
to C W S T 1 , at 30 and 40 min of immersion (P<0.05; Figure 3.9A). However, when
expressed as an average of the change in/c across each C W S T for the resting period,
no significant differences were found between conditions ( P > 0.05; Figure 3.9B). The
exercise period showed a return of/c to pre-immersion levels, to provide blood flow to
working muscles in the lower extremities. However, no adaptation responses were
observed (P>0.05; Figure 3.9A). Furthermore, when expressed as change values,
there were no differences between conditions (P>0.05; Figure 3.9B).

The resting phase of CWST1 produced a general increase in QF, although not
all subjects showed this response pattern. Figure 3.10A illustrates a 1.47 ml-100 ml
tissue"1-min"1 increase in Q F for one subject (high responder), but only a 0.49 ml-100
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Figure 3.9: (A): Cardiac frequency (fc) and (B): the mean change in/c during three 90min cold-water stress tests ( C W S T : 18.11°C (S.D. 0.12)) on day one, eight and 15 of
a cold-water acclimation protocol (90-min rest; 18.50°C (S.D. 0.37)). Data are means
with standard errors of the means. (2 = significant difference between C W S T l and

CWST3).
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Figure 3.10: Response differences in forearm (QF) and skin blood flow (Qsk) of two
subjects (Panels A and B: high responder = subject showing a relatively large increase;
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the mean Q F and Q s k response during the 60-min rest period of thefirstcold-water
stress test (18.11°C (S.D. 0.12)): panels C and D. Data are means with standard errors
of the means. * = significant difference between responses.
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ml tissue"1 m i n 1 in another (low responder). W h e n averaged across subjects, Q F was
significantly increased by 60 min of immersion during C W S T l (P<0.05; Figure
3. IOC). This increase in Q F may have been caused by pronounced shivering, increasing
blood flow to muscles during the resting phase of C W S T l (Burton and Bazett, 1936),
which was consistent with the larger V 0 2 response during this test. The Q S k response
showed greater variability than Q F , with Figure 3.10B showing a twofold increase in
one subject but a slight decrease in another subject. However, when averaged across
subjects, Q s k followed a similar increasing pattern to Q F by the completion of the 60min rest period of C W S T l , but the difference over time was not significant (P>0.05:
Figure 3.10D).

Baseline QF was found to be significantly higher prior to CWST2, when
compared to C W S T l and 3 (P<0.05). However, no other differences were apparent
as a result of the acclimation protocol (P>0.05). The higher baseline Q F prior to
C W S T 2 was not related to T c , T s k or V 0 2 since these baseline variables did not change
throughout the acclimation regimen. For comparison between trials, Q F was normalised
to the baseline value of C W S T l , however between trial differences were not significant
(P>0.05; Figure 3.11 A ) . There was a trend, which approached significance, for Q F
to be maintained lower during C W S T 2 and 3 compared to C W S T l , at rest and during
exercise (trial effect; P=0.0624, 0=0.35). This was further illustrated by a marked
reduction in the change in Q F , averaged across time, during C W S T 2 and 3 compared
to C W S T l (P>0.05; Figure 3.11C), where Q F averaged 1.84 ml-100 ml tissue"1 min"1
(±0.30), 1.51 ml-100 ml tissue1 min"1 (±0.36), and 1.51 ml-100 ml tissue1 min"1
(±0.30) across the resting phase, and 2.18 ml-100 ml tissue"1 m i n 1 (±0.40), 1.95
ml-100 ml tissue"1 m i n 1 (±0.37), and 2.01 ml-100 ml tissue1 min'1 (±0.39) during the
exercise period for C W S T l , 2 and 3 respectively. The maintenance of Q F at a lower
level during C W S T 2 and 3 compared to C W S T l suggested an insulative response to the
cold stress, which occurred in conjunction with the less pronounced decreases in Tc.
Furthermore, such a response was consistent with the reduction in T ^ T , . ^ , indicating
more uniform vasoconstriction in the lower extremities, during the resting period of
C W S T 2 and 3, compared to C W S T l .
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Figure 3.11: Changes during the course of time (panels A and B), and average changes
(panels C and D ) , during the rest and exercise phases, in forearm (Q F ) and skin blood
flow (Q sk ) respectively, during three 90-min cold-water stress tests ( C W S T : 18.11°C
(S.D. 0.12)) on day one, eight and 15 of a cold-water acclimation protocol (90-min
rest; 18.50°C (S.D. 0.37)). Data are means with standard errors of the means.
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The relationship between Q F and T b showed great variability between trials.
Similar to the T b to V 0 2 relationship, the T b threshold for the change in Q F remained
similar across the C W S T s averaging 32.82°C (±0.25), 32.31°C (±0.29) and 32.92°C
(±0.45; P > 0 . 0 5 , Table 3.5 for individual data, Figure 3.12), for C W S T l , 2 and 3
respectively. Similarly, the sensitivity of the relationship between change in Q F and T b
during the resting phase, across the C W S T trials produced no significant changes
averaging 0.64 ml-100 ml tissue m i n 1 "C"1 (±0.49), 0.49 ml-100 ml tissue min"1 -"C"1
(±0.90) and -0.22 ml-100 ml tissue m i n 1 •"'C1 (±0.41; P>0.05) for C W S T l , 2 and
3 respectively (P>0.05; Table 3.5, Figure 3.12).

No significant changes in QSk were apparent as a result of the cold-water
acclimation protocol (P>0.05, 0<O.2O; Figure 3.1 IB). D u e to the low baseline
levels, further vasoconstriction during the cold-water immersion m a y have been difficult
to detect, since Q S k is minimal at rest as a result of vasomotor tone. For consistency
with Q F , and since baseline Q s k was higher for C W S T 2 (P>0.05), Q s k was normalised
to the baseline value of C W S T l . N o significant differences were observed following
this procedure, and there were no consistent trends in the data (P>0.05). This was
further shown when Q s k was expressed as the mean change across the rest and exercise
phases of each C W S T (P>0.05; Figure 3.11D).

3.3.3 Individual responses to repeated cold-water immersions

The diminished V02 response observed following this acclimation protocol was
indicative of an habituation (blunted response) to the resting cold phase, rather than a
true acclimation effect, which m a y be considered to be an heightening of acute
responses. While trends existed within the data to show that T c decreased to a lesser
extent, and the extremities were less perfused over the resting phase of the trials, these
trends were generally non-significant. However, upon examination of each subject's
data separately, different patterns of adjustment were exhibited by different individuals
during both rest and exercise.

Figures 3.13 and 3.14 illustrate composite diagrams (after Bittel, 1987) to
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Table 3.5: The thresholds and sensitivities of the mean body temperature to forearm
blood flow relationship for three 90-min cold-water stress tests (CWST: 18.11°C
(S.D. 0.12)) on day one, eight and 15 of a cold-water acclimation protocol (90-min
rest; 18.50°C (S.D. 0.37)).
Sensitivity (ml-100 ml min"1 -°C'1)

Threshold (°C)
Subject

CWSTl

CWST2

CWST3

1

33.87

32.86

33.15

1.65

4.30

1.76

2

32.81

32.40

34.19

0.80

-1.24

-0.46

3

33.52

30.81

33.37

0.72

0.28

-0.36

4

32.54

31.89

31.70

2.45

-1.58

-0.51

5

32.08

32.87

30.89

-1.43

-2.22

-0.39

6

32.29

32.37

33.33

-0.61

1.22

-1.84

7

32.64

32.99

33.81

0.93

2.63

0.28

Mean

32.82

32.31

32.92

0.64

0.49

-0.22

CWSTl

CWST2

o
o
•

fc

Of

0.41

0.90

0.45
0.29
SEM
0.25 .
0.49
Abbreviations: S E M = standard error of the mean.
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Figure 3.12: The relationship between forearm blood flow and mean body temperature
during the 60-min rest periods of three cold-water stress tests (CWST: 18.11 °C (S.D.
0.12)) on day one, eight and 15 of a cold-water acclimation protocol (90-min rest;
18.50°C (S.D. 0.37)).
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Figure 3.13: Composite diagram showing the change in oxygen consumption and mean
immersed skin temperature during the resting phase of 90-min cold-water stress tests
(18.11°C (S.D. 0.12)) on day eight and day 15, compared to the change on day one for
each subject. The direction of the arrow represents the movement of the adaptation
from day eight to day 15. Numbers above each point indicate the change in mean
oesophageal temperature across the 60-min rest phase compared with day-one values.
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Figure 3.14: Composite diagram showing the change in oxygen consumption and mean
immersed skin temperature during the exercise phase of 90-min cold-water stress tests
(18.11°C (S.D. 0.12)) on day eight and day 15, compared to the change during exercise
on day one for each subject. The direction of the arrow represents the movement of
the adaptation from day eight to day 15. Numbers above each point indicate the change
in mean oesophageal temperature across the 30-min exercise phase compared with dayone values.
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indicate the variety of individual adaptations to the cold, during the rest and exercising
phases of the C W S T s . Changes in the responses of subjects during C W S T 2 and 3,
compared to C W S T l , were indicated by the changes in V 0 2 and immersed Tslc during
the resting and exercising periods of the C W S T s separately, from the pre-exposure and
the end of the rest period respectively. Positive values of change in V 0 2 , indicated a
metabolic acclimation relative to C W S T l , while negative values of immersed T s k
indicated an insulative acclimation.

A combination of these changes indicated a

metabolic-insulative acclimation. Moreover, the difference between the mean T es during
the rest and exercise phases were compared to pre-exposure and pre-exercise levels
respectively, whereby negative values represented an hypothermic acclimation.

When classified in this way, five of the seven subjects had data in the lower left
quadrant during the resting phase (Figure 3.13), indicating an insulative adaptation
response. Three of these five subjects attained this adaptation by C W S T 2 , while the
remaining two did not acquire such a response until C W S T 3 . That is, their response
became insulative only after day 15. O n e subject had data in the upperrightquadrant,
suggesting a metabolic response during thefirstweek of acclimation, which then
changed to an insulative adaptation by day 15. Moreover, two of the seven subjects
data stayed wholly within the lowerrightquadrant, which did not indicate a metabolic
or insulative response in these subjects. These two subjects did show a reduced
metabolic response, however, indicative of an habituation reaction. During exercise
(Figure 3.14), four of the seven subjects showed a metabolic response during C W S T 2
and 3, since their data were confined primarily to the upper left panel. While two of
the remaining three subjects had data in the lower left panel, indicating an insulative
response, and one subject remained in the lower right quadrant, suggesting an
habituation.

While subjects can be segregated into adaptation types, it seems that the level
of a particular adaptation can vary between subjects.

In conjunction with the

diminished V Q 2 accompanying acclimation, the two subjects (si and s4) exhibiting
enhanced insulation, during rest and exercise, showed different magnitudes of increased
and T :T t, and decreased immersed T s k and Q F . While subject 4 displayed the

T
CS

CS

S K"
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most complete insulative acclimation (see Figure 3.13), apparent by C W S T 2 , and while
insulative acclimation was maintained during C W S T 3 , the differences were not greater
than C W S T 2 , suggesting this subject had adapted within 8 days of immersion. Subject
1 on the other hand, showed a much larger insulative response, as depicted by a greater
fall in immersed T s k between C W S T 2 and C W S T 3 (see Figure 3.13), and it is these
data that are displayed in Figure 3.15.

Subjects 2, 3 and 7 displayed an insulative-hypothermic adaptation to the
acclimation protocol, depicted by decreased Tes, immersed T sk , and Q F , and increased
T^T*.

This mixed response was evident during both C W S T 2 and 3 for rest and

during exercise (Figure 3.13 and 3.14), and was illustrated by subject 2 (Figure 3.16).
Subjects 5 and 6 showed the habituation response as shown by a decreased metabolic
response with increased skin temperatures, and little change in T c and Q F (Figure 3.17).

3.4 DISCUSSION

The general adaptation observed following this acclimation protocol was a
diminished V 0 2 response, indicative of an habituation (blunted response) to the resting
cold phase, rather than an acclimation effect, where the adaptive response would be
characterised by an increased responsiveness. However, the pattern of adaptation was
found to vary between individuals. While trends existed within the data to show that
T c decreased to a lesser extent, and the extremities were less perfused over the resting
phase of the trials, suggesting greater insulation, they were generally non-significant.
Although it seems that an habituation was evident, an acclimation response m a y have
been obscured due to the severity of stress tests in cold water, as opposed to cold air,
with this stress possibly being further exaggerated during exercise. Alternatively, the
habituation observed could represent the response at a particular time point on a
continuum for more complete cold adaptation, whereby insulation m a y have become
apparent had the present cold-water acclimation protocol been longer.
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D CWST3

Figure 3.15: Example of insulative acclimation (si). Time course of oesophageal
temperature (Tes), mean immersed skin temperature (immersed T s k ), core to skin
temperature gradient (Tes:Tsk), oxygen consumption (V 02 : ml-kg"1 min"1), and forearm
blood flow (Q F : ml-100 m l 1 min"1) during three 90-min cold-water stress tests ( C W S T :
18.11°C (S.D. 0.12)) on day one, eight and 15 of a cold-water acclimation protocol (90min rest; 18.50°C (S.D 0.37)).
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Figure 3.16: Example of insulative-hypothermic acclimation (s2). Time course of
oesophageal temperature (Tes), mean immersed skin temperature (immersed T s k ), core
to skin temperature gradient (Tcs:Tsk), oxygen consumption (V 02 : ml-kg"1 min" 1 ), and
forearm blood flow (Q F : ml-100 ml"1 min"1) during three 90-min cold-water stress tests
( C W S T : 18.11°C (S.D. 0.12)) on day one, eight and 15 of a cold-water acclimation
protocol (90-min rest; 18.50°C (S.D. 0.37)).
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Figure 3.17: Example of an habituation response (s5). Time course of oesophageal
temperature (Tes), mean immersed skin temperature (immersed T s k ), core to skin
temperature gradient (Tes:Tsk), oxygen consumption (V02: ml-kg"1 min"1), and forearm
blood flow (Q F : ml-100 ml"1 min"1) during three 90-min cold-water stress tests ( C W S T :
18. I P C (S.D. 0.12)) on day one, eight and 15 of a cold-water acclimation protocol (90min rest; 18.50°C (S.D. 0.37)).
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3.4.1 Responses during acclimation days

During the resting cold-water acclimation regimen, T re was measured to quantify
strain throughout this period. A s a result of acclimation, T re decreased significantly less
during later immersions. Thus, T re was maintained 0.54°C higher on day 12 compared
to day one of the acclimation protocol. Furthermore, while the response was variable,
this maintenance of a higher T re showed a slowly decreasing trend for the change in T re
as the acclimation days progressed (see Figure 3.1). W h e n averaged across subjects
and acclimation days, subjects experienced a decrease in T re of 1.87°C during each
exposure. In the only other study to account for the changes in T re during the actual
acclimation period, Young et al. (1986) reported that subjects sustained an approximate
1°C reduction in T r e during 24 90-min cold-water exposures over a 5-wk period. While
there was a trend for T re to decrease to a greater extent (0.2°C) by day 24 compared to
day one, the change was not significant.

A number of possibilities exist to account for this discrepancy between the two
studies. The most obvious is the difference in immersion frequency and duration. The
present study implemented a protocol consisting of only 12, but consecutive,
acclimation days, plus three C W S T days, while Young et al (1986) conducted 24
acclimation days over a 33-d period, with a total immersion duration of 36 hr (22.5 hr
in the current study). It is possible that acclimation decay m a y have played a role.
However, evidence of decay during cold acclimation is sparse, and is confined to longterm cold acclimatisation in the A m a divers (Park et al, 1983), where measurements
were taken at least one year following acclimatisation, making it difficult to apply to
a short-term study.

While the thermal impulse was similar between the present

investigation and the study by Young et al. (1986; -2022 ° C m i n versus -1944 °Cmin),
this strain was induced in less than half the time in the current study. A s a result, it
is more likely that different levels of adaptation were attained in the two studies, namely
diminished metabolism with the maintenance of T c and T s k in the current study, and
increased metabolism and a warmer muscle shell, at the expense of a cooler core and
periphery in the latter. Greater post-acclimation metabolism in the Young et al. (1986)
study equates with greater shivering, possibly contributing to the greater reductions in
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T e . O n e final possibility for the differences between the studies was subject variation.
In the study by Young et al (1986), only four of the seven subjects participating
demonstrated a greater decrease in T re following acclimation.

Furthermore, one

particular subject, w h o showed a drop in T re of 0.8°C on day one, dropped 1.9°C on
thefinalday, which m a y have contributed to the difference. In the present study, six
of the seven subjects maintained T re higher on day 12 of acclimation (see Table 3.2).

3.4.2 Physiological comparisons between cold-water stress test davs

The principle observation of this investigation was a thermogenic habituation to
the resting phase. Repeated cold-water immersions did not produce changes in baseline
V 0 2 levels.

This finding has been widely reported in the literature following

experimentally induced cold-water acclimation (Young et al, 1986; Golden and Tipton,
1988; Tikuisis et al, 1991). In contrast, the Korean breath-hold divers (Ama) develop
an increased basal metabolic response compared to non-diving controls during the
winter, when water temperatures are the lowest (Kang et al., 1963). While subjects in
the present study experienced similar declines in T re during the acclimation period of
approximately 2°C, the A m a were typically subjected to such decreases every day,
sometimes twice per day, during winter, and hence experience a greater thermal
impulse to stimulate adaptation. While the physiological mechanism for the elevated
basal metabolism was not identified, it was suggested that the practical value for such
a seasonal variation would be insignificant in terms of body temperature defence, given
the large conductive heat transfer capacity of water (Kang et al, 1963).

All CWSTs induced a significant elevation in thermogenesis (see Figure 3.7A).
However, C W S T 3 showed a significantly reduced increase in V 0 2 during the latter half
of the resting phase compared to C W S T l . This thermogenic habituation response is a
characteristic of indigenous circumpolar and some desert dwellers (Hammel et al.,
1959; Andersen et al, 1963), and has been reported previously in the literature during
acclimation (Golden and Tipton, 1988). The nature of the blunted V 0 2 response is not
clear. Young et al. (1986) reported that metabolic heat production increased more
slowly during the early part of exposure to cold air following repeated cold-water
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immersions, and was interpreted as a delay in the onset of shivering. The delay in
shivering onset has been attributed previously to a decrease in sensitivity threshold of
the thermoregulatory system (Bruck et al, 1976; Bittel, 1987). A s a result, prior to
adaptation, shivering would

be activated due to stimulation of peripheral

thermoreceptors through decreasing skin temperature, and regulated in intensity by both
central and peripheral thermoreceptors through the simultaneous decrease in core and
skin temperatures.

Following adaptation, it has been suggested that peripheral

thermoreceptors are not as important as the central thermoreceptors (Bittel, 1987),
whereby shivering is only apparent when T c begins to decrease, while skin temperature
is already significantly lowered. Furthermore, based on previous research from cold-air
acclimation (Bruck and Zeisberger, 1978), Golden and Tipton (1988) characterised the
reduced metabolic response to a decrease in the shivering threshold, with no change in
the sweating threshold, hence widening the "inter-threshold zone" and decreasing the
sensitivity of the thermoregulatory system to cold.

Although Tc and Tb were maintained following acclimation, a delayed shivering
onset does not explain the diminished thermogenesis in the present study, since the T b
threshold for V 0 2 did not change significantly. While Figure 3.8 indicated a rightward
shift in the V 0 2 to T b relationship as the acclimation progressed, suggesting an increased
T b threshold for an increase in V 0 2 as a result of acclimation, this effect is distorted,
since the baseline T b was 0.2°C higher during C W S T 3 . W h e n C W S T 3 was corrected
for the higher baseline T b , only a very slight difference was apparent, where the onset
for shivering was 34.64°C, 34.63°C, and 34.69°C for C W S T l , 2 and 3 respectively.
Repeated cold-air exposure has demonstrated a downward shift of the shivering
threshold (Bruck et al., 1976). Furthermore, the slope of the relation between T b and
the change in V 0 2 (sensitivity) was not significantly different following acclimation (see
Figure 3.8). In accordance with the present study, Jansky et al. (1996) reported the
slope of the relation between deep body temperature and heat production to remain
unchanged following a repeated cold-water acclimation protocol, and, as a result,
suggested there was no change in the thermosensitivity of the body temperature
controller. This m a y certainly be the case in the current investigation.
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Since both the threshold and sensitivity of the T b to V 0 2 relationship remained
unchanged, there was no evidence of adaptation to central or peripheral thermoreceptors
in the present study. Hensel and Schafer (1982) were unable to show changes in the
functional characteristics of cutaneous cold receptors in cats exposed to cold for some
weeks. However, threshold shifts in central structures were observed in the w a r m
responsive neurones of rats, kept at 3°C for 5 w k , whereby the firing rate of such
neurones increased at a lower temperature in the cold-adapted rats compared to controls
(Werner et al., 1981), possibly inhibiting the shivering response. Since the A m a divers
began to shiver at lower T c s than non-divers, and complained of internal chilling rather
than the external chilling reported in the non-divers, it was implied that cold receptor
activity was reduced in the divers (Park et al, 1983).

However, evidence for

thermoreceptor modifications in humans remains speculative in nature. It m a y be that
the habituation is probably simply due to a reduced thermoreceptor response to repeated
sensory stimuli. LeBlanc (1992) suggested the habituation response was the realisation
of an organism that repeated exposure to a stressful situation would not cause damage,
therefore the initial responses to the stress are attenuated, tolerance is improved and,
as such, an adaptation is observed. Such a response has been shown to be a centrallycontrolled, negative reflex conditioning (Glaser and Griffin, 1962).

With the exception of one other investigation (Golden and Tipton, 1988), the
present study was thefirstto evaluate effects of cold-water adaptation on subsequent
cold-water exercise. During the exercise phase of the C W S T s , further increase in the
V 0 2 response was a result of both thermogenesis and exercise. However, quantification
of the effects of exercise by a comparison with exercise in w a r m water trials showed
that the effects of thermogenesis provided only a minimal contribution to the V 0 2
increase. Changes during exercise were similar to those at rest, showing a slower
increase in V 0 2 during C W S T 3 compared to 1 (see Figure 3.7A). However, this was
significant only at thefirstsampling point following the initiation of exercise, and
changes did not exist when averaged across each C W S T (see Figure 3.7B).

This

suggests that the habituation response seen during the resting phase of C W S T 3
diminished during the exercise phase. Similarly, Golden and Tipton (1988) found no
significant differences in the V 0 2 response to an exercise immersion following repeated
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resting cold-water immersions.

Although, since an habituated thermogenesis was

apparent by the final resting cold-water immersion, it was suggested that exercise
masked the adaptation to the resting exposures. While the repeated, resting cold-water
immersions provided a sufficient stimulus to induce adaptation to resting cold, the
adaptation obtained was insufficient to offset the severity of the stress imposed by the
larger conductive heat transfer capacity of the water environment during exercise
(Golden and Tipton, 1988).

The blunted V02 observed during the resting phase of the present study is usually
accompanied by greater reductions in T c (hypothermic response) following cold
acclimation. Typically, this hypothermic habituation response has been reported in the
Australian Aborigines (Hammel et al., 1959) and circumpolar residents (Andersen et
al, 1963), but m a y also be evident as a result of repeated cold-water immersion
(Radomski and Boutelier, 1982; Young et al, 1986). However, this observation was
not found in the present study, which is in contrast to the majority of findings in the
literature (Radomski and Boutelier, 1982; Young et al., 1986; Jansky et al., 1996). N o
significant differences were observed between the C W S T s for Trc, Tes, or T ac measured
at any time interval across the resting phase, with all Tcs showing similar magnitudes
of decrease across the trials (see Figure 3.2). The lack of a significant change in T re
across the C W S T s was in contrast to the findings on the acclimation days in the present
study (see Figure 3.1), where T re decreased significantly less on the last, compared to
thefirstday of acclimation. However, when the change in T re was viewed across all
acclimation days, the response was quite variable (see Figure 3.1). Since T c changes
during the C W S T days were confounded by the exercise phase performed during the
final 30 min of the 90-min exposure, prediction equations, performed on the resting
data, were used to determine T re at 90 min, without the influence of exercise. While
not significant, T re was maintained 0.25°C higher during C W S T 3 compared to C W S T l .
Furthermore, there was a tendency for all Tcs to decrease less during the resting phase
of C W S T 2 and 3, which follows the direction of the reduced change in T re by the last
day of acclimation. Although baseline T re was lower following acclimation, a similar
observation to the present study was shown by Bittel et al (1987), where T rc did not
fall as much during the cold-air stress test following a 5-wk cold-water acclimation
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regimen. However, the improved maintenance of T c required an increased metabolic
rate, which was in contrast to the thermogenic habituation observed in the current
study.

The general hypothermic habituation response observed in humans is usually
associated with a downward shift of the shivering threshold (Bruck et al., 1976). That
is, V 0 2 is increased at a lower T c , which represents a predominately functional
adaptation, whereby an effector mechanism for thermoregulatory control has been
altered (Werner, 1994). The maintenance of T c , in conjunction with the reduced V 0 2
response in the present study was similar to the cold adaptation found previously in
rabbits, and suggested a combination of functional and morphological adaptation
(Werner and Graener, 1986). Since the latter is related to changes in the passive
system of the body, such as fur insulation, body fat development, and long-term
adjustments to the peripheral circulatory system, this type of adaptation seems evident
in rabbits, due to increased fur insulation. Such a response is unlikely in humans and,
while post-acclimation skinfold thicknesses were not measured in the present study,
body mass was maintained following the protocol and body composition was not
expected to have changed in two weeks.

Furthermore, this particular adaptation

protocol was probably not of sufficient duration to produce alterations in the peripheral
vasculature. Therefore, a morphological adaptation component probably does not
explain the current findings.

In the present study the question arises as to how Tc was maintained, and even
slightly increased, in conjunction with the less pronounced V 0 2 response following
acclimation. It seems intuitive that an habituated thermogenic response would be
accompanied by a reduction in T c , as seen in the literature for various indigenous
groups (e.g. Lapps: Andersen et al, 1960; Australian Aborigines: H a m m e l et al,
1959). Although the V 0 2 response has been shown to decrease in rats, an increase in
brown adipose tissue activity conducive to non-shivering thermogenesis produces heat
to maintain and even increase T c in these animals (Bruck, 1970). There is very little
evidence to suggest that such a mechanism is operative in humans (LeBlanc, 1992).
Therefore, non-shivering thermogenesis probably does not contribute to the maintenance
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of T c in the present study.

There are two possible explanations for the maintenance of T c at slightly higher
temperatures following acclimation.

Firstly, increased insulation resulting from

reductions in T s k in five of the seven subjects as the acclimation progressed could be
responsible for the T c maintenance (see Figure 3.13). Such a response would reduce
the gradient for heat loss between the skin and the environment, which would promote
the conservation of T c . Alternatively, the maintenance of T c m a y be a simple function
of the blunted V 0 2 response. It is likely that, if the water temperature is low enough
and the shivering response mild enough, then an elevation in shivering could actually
increase heat loss (via boundary layer disturbance) more so than it would elevate heat
production (Michael J. Tipton, 1997; personal communication). Thus, a dampened
thermogenic response m a y serve a protective function, minimising the T c reduction
accompanying cold stress.

Similar to the resting phase, no significant differences were observed for any
index of T c during the exercise phase of the C W S T s as a result of acclimation. While
there was a trend for T c to decrease less during the resting phase and more during
exercise following acclimation (see Figure 3.2 and 3.3), the rate of change was only
significantly different between the two C W S T phases for T re during C W S T 2 , and T ac
during C W S T 2 and 3 (see Table 3.4). In the only other study to assess exercise during
repeated cold-water immersion, Golden and Tipton (1988) did not report the T c changes
during cold-water exercise following repeated resting immersions in 15°C water. It has
been shown previously, that exercise performed in cold water m a y accelerate the fall
in T c when compared to resting conditions (Keatinge, 1961), because the heat loss
generated by the movement of water m a y exceed the heat production of the exercise.
If T es is used as the most acceptable site for the measurement of T c , it would seem that
the exercise performed in the present study had no greater effect on the rate of heat loss
than rest, with the changes in T ac and T re possibly related to methodological differences.
Alternatively, the relatively low work load used in the present study m a y explain the
greater falls in the latter two T c sites, since exercise was performed at approximately
18 ml-kg"1 min"1, equating to a person cycling at 75 Watts across the three trials. In
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contrast, Golden and Tipton (1987) found T ac and T re to drop less during acute coldwater immersion exercise performed at an intensity 4 0 % higher than that in the present
study, when compared to resting immersion. Furthermore, the increase in V 0 2 could
be attributed almost exclusively to the exercise during C W S T l .

However, during

C W S T 2 and 3, V 0 2 was 2 1 . 2 % and 9.6% greater than that required by the exercise
alone, suggesting inefficiency of the heat production response, causing greater falls in
T ac and T re during these later C W S T trials.

Pre-exposure baseline Tsk averaged approximately 4°C lower than the
temperature normally reported in resting subjects in a thermoneutral environment
(Young et al, 1986; Golden and Tipton, 1988). Such a finding is indicative of a
possible cold-induced vasoconstriction, and m a y be related to the long subject
preparation time located adjacent to an air-conditioning duct in the current investigation.
Furthermore, upon immersion in all three C W S T s , there was an expected decrease in
T ^ , due to the cold-water stimulus, which is associated with peripheral vasoconstriction
(Young et al, 1986). This is a three-phase response whereby cold-water immersion
produces initial reductions in T s k through peripheral venoconstriction, while pronounced
core cooling as the immersion progresses, leads to peripheral vasoconstriction, and
ultimately T s k becomes very similar to environmental temperature to minimise heat loss
to the environment. Certainly, when T s k was fractionated into immersed and nonimmersed sites, immersed T s k showed an obvious decline in temperature due to the cold
water, demonstrating locally-induced veno- and subsequent vasoconstriction at these
measurement sites. Interestingly though, while not as pronounced, the non-immersed
T s k also showed decreases in temperature indicative of more general vasoconstriction.
Since these temperature sites were not directly influenced by the cold water, the
vasoconstrictor response is somewhat analogous to previous findings of contralateral and
ipsilateral changes in mean sweat rate to localised heating (Bothorel et al, 1991;
Cotter, 1997; Patterson et al, 1998), and is indicative of central nervous system
involvement.

Cold-water acclimation did not produce significant changes in Tsk, or the
immersed T sk , during the rest or exercise phases of the C W S T s . A similar observation
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was reported by Golden and Tipton (1988) in a study of two groups of eight subjects,
w h o either rested or exercised during ten head-out cold-water immersions (15°C). In
contrast, other studies have found decreases in T s k following repeated cold-water
immersions indicative of an insulative type of adaptation, whereby less heat is lost from
the body due to the smaller gradient between the skin and the environment (Young et
al, 1986; Bittel, 1987). However, during these studies the cold stress tests were
performed in air. The possibility exists that while significant adaptation was not
apparent during the present study and in the study by Golden and Tipton (1988),
performing the cold stress tests in water m a y have masked any acquired adaptation due
to the severity of the tests. Therefore, it is uncertain as to whether such an insulative
adaptation m a y have been evident had the stress test been performed in cold air. In a
more recent study, Jansky et al. (1996) reported an insulative response, as indicated by
greater falls in T sk , measured during immersion, as a result of a 4-wk cold-water
acclimation protocol. However, such a response m a y be related to the small increase
in body-fat content following acclimation, which was not expected during the 2-wk
duration of the present study.

Furthermore, the repeated cold-water immersions produced no differences in the
T es :T sk during the resting or exercising components of the C W S T s (see Figure 3.5B).
This would be expected since T c and T s k were maintained following acclimation. In
contrast, Young et al. (1986) reported that the T re :T sk was larger during a cold-air
stress test performed following repeated cold-water acclimation. It was suggested that
this larger thermal gradient between the core and skin would increase heat transfer from
the core to the subcutaneous muscle shell, while the lower skin temperature reported
would impede heat loss from the body shell, thus representing an insulative type of
acclimation. The lower T s k was attributed to a more pronounced vasoconstriction, due
to a greater degree of sympathetic stimulation, indicated by increased norepinephrine,
and the proposed redistribution of heat was supported by the lower T re following
acclimation. Additionally, Paik et al. (1972) reported that, while skin temperature of
the lower arm decreased similarly in both A m a and non-divers, during immersion of
one hand in 6°C water for 30-60 min, the muscle temperature decreased at a slower rate
in the A m a compared to the non-divers. It was suggested that such a response m a y
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have been due to increased local heat exchange, whereby arterial blood is pre-cooled
prior to reaching the periphery (Paik et al, 1972).

While Young et al (1986)

suggested that a warmer muscle shell, at the expense of cooler core and skin, would be
advantageous for optimal metabolic and contractile function of skeletal muscle, it m a y
represent a deleterious effect, allowing individuals to become hypothermic more quickly
and not respond behaviourally.

Certainly, Golden and Tipton (1988) showed that

although T re dropped more following repeated cold-water immersions, the subjects
maintained higher levels of thermal comfort.

While the T^T^, which can be used as an indicator of lower extremity
vasoconstriction, was not significantly different following the acclimation protocol,
there was a trend for T ^ T ^ to be lower during the resting and exercising phases of
C W S T 2 and 3 compared to C W S T l , suggesting greater vasoconstriction (see Figure
3.5C). This was in the same direction as the trend for the maintenance of higher T c .
Skreslet and Aarefjord (1968) reported a trend in three subjects for skin temperatures
on the thigh and torso to be somewhat cooler, and T re to be maintained closer to basal
levels following a 45-d scuba diving course, as compared to pre-acclimation tests.
These observations were translated into the establishment of an insulative cold
acclimation. Therefore, although the present study primarily showed an habituation
through a diminished thermogenic response following acclimation, these observations
were consistent with an increase in tissue insulation. While Skreslet and Aarefjord
(1968) did not attempt statistical analyses due to the small subject number, the results
obtained suggested a pattern of acclimatisation in three stages. These phases were
associated with an increased metabolic rate (unacclimatised), a fall in T c due to heat loss
not being fully compensated by metabolism (intermediate), and finally the maintenance
of a constant T c , with minimal metabolic heat production (acclimatised). Such a
continuum for cold adaptation m a y explain the results in the present study, and suggests
that if the protocol had been longer, a more pronounced insulative response m a y have
developed beyond the thermogenic habituation.

In conjunction with the trends for less pronounced decreases in Tc, and the
reduction in T ^ T ^ , the Q F response was also supportive of an insulative response.
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Forearm blood flow and Q S k have not been directly measured previously during
experimentally induced cold-water acclimation. D u e to the difficulties with taking these
measures, immersion to the forth intercostal space was used in the present study rather
than immersion to the neck, as in previous studies (Young et al., 1986; Bittel, 1987;
Golden and Tipton, 1988), to enable blood flow measurements on the non-immersed
arm. While the acclimation regimen produced no significant changes in Q F during the
C W S T s , there was a tendency for Q F to be lower during C W S T 2 and 3 compared to
C W S T l , at rest and during exercise (see Figure 3.11 A ) . However, this trend should
not be taken as a greater vasoconstriction response in C W S T 2 and 3, but instead
represents a constant Q F when compared to baseline (see Figure 3.11 A ) , while Q F
increased during C W S T l (see Figure 3. IOC). This increase in Q F may have been
caused by pronounced shivering, increasing blood flow to muscles during the resting
phase of C W S T l (Burton and Bazett, 1936).

Hong et al. (1969) measured QF in Korean breath hold divers and non-diving
controls while resting supine in water at temperatures of 30, 31, and 33°C, with only
their faces above the water. It was reported that the divers did not reduce peripheral
blood flow as m u c h in the cool water as did the control subjects, suggesting an
habituated vasoconstrictor response. The present study showed a reduced blood flow
response at the forearm, when compared to C W S T l , which would favour a
redistribution of body heat from the periphery to the core and was supported by the
trend for increases in T c during C W S T 2 and 3. This type of result is indicative of an
insulative acclimation response which may not have reached significance since baseline
Q F was lower than has previously been reported in the literature. For instance, during
the study by H o n g et al. (1969), baseline Q F was approximately 6 ml-100 m l 1 min"1
and decreased to approximately 3 ml-100 ml"1 m i n 1 during the 2-hr immersion in 30°C
water.

Since the baseline Q F was approximately 1.5 ml-100 ml"1 min"1 prior to

commencing tests in the present study, vasoconstriction may have already been
maximal. Certainly, the lower pre-exposure baseline T s k supported such a response.

When the change in QF was expressed as a function of the change in Tb, there
was a rightward shift in the Q F to T b relationship as the acclimation progressed (see
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Figure 3.12), indicating an increased T b threshold for the increase in Q F as a result of
acclimation. However, as mentioned earlier for the V 0 2 to T b relationship, this effect
was confounded, since baseline T b was 0.2°C higher during C W S T 3 compared to
C W S T l and 2. W h e n C W S T 3 was corrected for the higher baseline T b , only a very
slight difference was apparent between the three conditions. Furthermore, the Q F to T b
relationship was quite variable between subjects. Hong et al. (1969) also found
considerable variability in the Q F response between individual subjects.

The Qsk response was not changed significantly following the cold-water
acclimation regimen. Although there was a trend for Q s k to increase during the resting
phase of C W S T 2 , it diminished during C W S T 3 (see Figure 3.1 IB). However, these
changes in Q s k were too small to alter T sk , and generally reflected the lack of change
in T sk , as a result of the present acclimation protocol. D u e to the low pre-immersion
levels of Q s k , vasoconstriction m a y have already been maximal in subjects and therefore
further decreases would not have been detected upon immersion. Assuming maximal
vasoconstriction in the skin, the tendency for the decrease in Q F , during C W S T 2 and
3, compared to C W S T l , suggested a reduction in blood flow to the muscle shell,
reflecting a redistribution of body heat stores to the core, as represented by the trend
for T c to be maintained higher following acclimation. While this is in contrast to the
suggestion of a more highly perfused muscle shell by Young et al. (1986), the reduced
T c and T s k leading to such an assumption were significant. In the present study, such
a response is speculated from an insignificant trend.

During the current investigation there was reduced cardiovascular strain, shown
by a significantly lower /c during the resting phase of C W S T 3 , when compared to
C W S T l at 30 and 40 min (see Figure 3.9A). In support, both LeBlanc et al (1975)
and Budd and Warhaft (1966) observed enhanced bradycardia following cold-air
acclimation, suggesting the reduction in/c was possibly a reflex response to enhanced
vasoconstriction. Such a response is possible in the present study since there was a
tendency for Q F to be maintained lower following the repeated cold-water immersions.
Alternatively, the reduction in fc observed in the present study may be a transient
response at the two time points, since the change in/c across the resting phase was not
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different between conditions (see Figure 3.9B). Similarly, an unchanged/, response has
been reported previously following cold-water adaptation, at rest and during exercise
(Muza et al, 1988; Golden and Tipton, 1988).

3-4.3 Individual reactions to repeated cold-water immersions

Based on the statistical analyses of the thermoregulatory data from the entire
subject group, the present acclimation protocol produced an habituated V 0 2 response to
the resting phase following repeated cold-water immersion. However, previous studies
have shown wide individual variations in the adaptation response to cold in humans.
Bruck et al. (1976) found that only 6 0 % of the individual subject responses represented
the group adaptation, and suggested cold adaptation m a y be related to personality and
physical condition. Furthermore, Radomski and Boutelier (1982) reported individual
variability during cold exposure, but could not identify any consistent patterns for the
differences. Moreover, Bittel (1987) found that while all subjects experienced c o m m o n
thermoregulatory reactions characterising the type of adaptation to cold, examination
of each subject's data separately showed that the way these reactions developed differed
within each subject. Following such suggestions of wide variations in the individual
responses, an examination of each subject's thermal responses was performed
separately, to identify possible differing patterns of adjustment.

Different patterns of adjustment were exhibited during both rest and exercise,
and on different C W S T days (see Figures 3.13 and 3.14). In conjunction with the
diminished V 0 2 accompanying acclimation, two subjects exhibited enhanced insulation
during rest and exercise, three subjects displayed an insulative-hypothermic adaptation
to the acclimation protocol, and thefinaltwo subjects showed an habituation response.

In the cold-water acclimation study by Bittel (1987), it was reported that only
four of the nine subjects studied clearly exhibited the unchanged metabolic response
with enhanced insulation during cold-air exposure following the immersions, that was
indicated by the average responses of the group. O n e subject developed an enhanced
metabolic response, while three subjects produced
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an insulative adaptation.

Furthermore, five subjects developed a combined metabolic and insulative adaptation.
Based on these observations it was suggested that factors in addition to the type of cold
stress determine the pattern of thermoregulatory adjustments that characterise cold
adaptation. While Bittel (1987) was unable to relate individual factors to the pattern
of acclimation statistically, it was speculated that body composition and the level of
physical fitness were determinants of the type of adaptation experienced.

It was

suggested that more trained, leaner individuals were predisposed to the development of
an enhanced metabolic adjustment, resulting from a better initial thermogenic potential
or the induction of a greater secondary increase in heat production, due to a greater heat
loss.

Less trained individuals, possessing more adipose tissue, were prone to

developing an insulative adaptation, since they have limited capacity to increase
metabolism and the percentage of body fat becomes the essential factor for adaptation.
Although the present study supports marked individuality in the pattern of cold
adaptation, it refutes the speculation made by Bittel (1987) regarding the determinants
of the type of adaptation produced. In the present study, the leanest and probably the
second most highly trained subject, along with the subject with the greatest skinfold
thickness from the group, displayed the most complete insulative adaptation. Moreover,
the second most lean and less fit subject developed combined insulative and
hypothermic adaptation during thefirstweek, and an hypothermic response during the
second week of acclimation. Thus, it seems that determination of the mechanisms for
the type of adaptation produced within individuals is still unclear.

3.4.4 General conclusions

This investigation focused upon cold-water acclimation responses using CWSTs,
comprised of both resting and exercising phases, which were imposed as three points
during an acclimation programme.

The principle observation was an habituated

thermogenic response during the resting phase. However, in contrast to data from the
literature, such a response was not accompanied by a greater fall in T c . Rather, trends
existed within the data to show that T c decreased to a lesser extent, and the extremities
were less perfused over the resting phase of the trials, suggesting the possibility of an
insulative component.

The exact mechanism for the maintenance of T c when
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thermogenesis has been reduced is uncertain. However, it could be related to the
insulative response seen in five of the seven subjects, or alternatively, an elevation in
shivering m a y have actually facilitated heat loss (via boundary layer disturbance) more
so than it elevated heat production. Thus, the dampened thermogenic response m a y
serve a protective function for T c . Furthermore, the habituation observed m a y represent
the response at a particular time point on a continuum for more complete cold
adaptation, whereby insulation m a y have become apparent had the current repeated
cold-water immersion protocol been longer. The reduced V 0 2 response diminished
during the exercise phase, whereby thermogenesis was insufficient to offset the
combined effects of cold water and the accelerated heat loss accompanying exerciseinduced boundary layer disturbances, and T c declined. In conclusion, this investigation
shows that repeated resting cold-water immersions produced a thermogenic habituation
response during rest. However, this protocol did not enhance thermal tolerance during
exercise.
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C H A P T E R 4: BODY-FLUID DISTRIBUTION A N D P L A S M A
CONSTITUENTS DURING REST A N D EXERCISE IMMERSION: EFFECTS
O F REPEATED RESTING COLD-WATER IMMERSIONS

4.1 INTRODUCTION

The regulation of human body fluids is vital for thermoregulation
previously shown in the literature, exercise training (Convertino et al, 1983), heat
acclimation (Senay et al, 1976), and altitude acclimatisation all have influences on
body fluids. However, information regarding the possible impact of repeated cold-air
exposures on body fluids is scarce and not well understood. Consequently, the effect
of adaptation to cold-water immersion on body-fluid volumes remains largely
unexplored, with the few available investigations focussing mainly upon the responses
of intravascular fluids. Moreover, data pertaining to the effects of repeated resting
cold-water immersions on body-fluid regulation during exercise are non-existent.

4.1.1 Seasonal changes in body fluids

Seasonal variations in the volume and distribution of body fluids have been
reported in the literature, with the majority of studies focussing on changes in blood
volume (BV). It has been suggested that seasonal changes in B V are related to chronic
cold exposure (Bazett et al, 1940), where B V and plasma volume (PV) decrease in
winter compared to the summer months (Barcroft et al., 1923; Maxfield et al, 1941;
Sjostrand, 1953). However, the variability in results is large and there is a general lack
of agreement regarding these variations which, according to Bass and Henschel (1956),
is not surprising in light of the numerous confounding variables which may be present
during such studies. In previous studies it has been difficult to determine those bodyfluid responses which were due specifically to cold exposure. For instance, seasonal
changes in B V m a y be due to changes in physical activity (Greenleaf, 1984), length of
daylight (Sjostrand, 1953), or induction or decay of heat acclimation (Bass and
Henschel, 1956), rather than to cold adaptation. Therefore, while a decrease in B V
m a y be evident during the winter months, mechanisms for such a change remain
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obscure and the effect of temperature has not been successfully isolated in such studies.

4.1.2 Repeated cold-air exposures

During repeated exposure to cold air, the physiological responses appear to be
as m u c h a function of experimental design as they are of the adaptation process.
Accordingly, it is difficult to evaluate these observations and to determine the possible
underlying mechanisms. Bazett et al. (1940) reported a reduction in both P V and red
cell volume ( R C V ) , in conjunction with increased colloid osmotic pressure

and

haemoglobin concentration ([Hb]), and reduced plasma protein concentration, during
exposure to a cool environment for 1 to 6 d. In conjunction with decreased P V , Conley
and Nickerson (1943) found a reduction in extracellular fluid volume ( E C F V ) ,
following a 5-d cold-air exposure (16 to 18°C). The design of these studies and others
(Burton et al., 1940; Spealman et al., 1947) has been criticised. For example, Bass
and Henschel (1956) criticised the comparison between w a r m and cold, and a lack of
comparison between cold and thermoneutral (control) conditions. However, a study
that has made such a comparison also demonstrated reductions in P V during cold
exposure (Lennquist, 1972).

While quantification of the different body-fluid

compartments is lacking in humans in response to adaptation to cold, D e b and Hart
(1956) measured total body water ( T B W ) , E C F V , P V , and B V in rats exposed to 6°C
for 7 d: T B W increased with no significant changes in E C F V , P V , or B V .

While studies reporting body-fluid responses during the first week of exposure
to cold air are limited, there are relatively fewer studies on the effects of repeated coldair exposures of longer duration in humans. Generally, such studies have been based
primarily upon monitoring changes in P V and body-water balance, and have had little
or no effect on body-fluid regulation (LeBlanc et al, 1954; Eisner, 1955; Bass, 1960).
Bass (1960) reported a trend for T B W to decrease during a 12-d exposure to 14°C air;
however, the change was not significant and was not accompanied by significant
changes in E C F V or P V .

Furthermore, serum sodium concentration remained

unchanged; however, serum chloride decreased and potassium concentration increased
as a result of the cold exposure. Massey (1956) suggested extended exposures to cold
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air produced subcutaneous tissue and water losses, since reduced skinfold thickness and
mass returned toward baseline levels within 5 d of returning from a sledge trip in
Antarctica.

A more complete study regarding body-fluid regulation during repeated cold-air
exposures has been performed in male Rhesus monkeys, where T B W , E C F V and R C V
were determined during a 35-d acclimation protocol at 6°C (Oddershede and Elizondo,
1982). Total body water in relation to body weight showed a mean non-significant
increase of 4 % during the exposure. Similarly, changes in the extravascular fluid
compartments were not significant when expressed in absolute terms, or in relation to
T B W . W h e n expressed in relation to body weight, these fluid volumes showed slight
(non-significant) increases of 3.8, 3.2, and 1.0% for intracellular water (ICW), E C F V ,
and interstitial fluid volume (IFV) respectively. While R C V remained unchanged, P V
increased significantly by day three of the acclimation protocol and contributed 73 % of
the expansion of B V .

The haemodilution was attributed to decreased shivering,

resulting from a concomitant fluid shift to the vascular compartment from the I C W ,
since it was speculated that the increase in I C W on day one resulted from elevated
cellular metabolism associated with shivering (Oddershede and Elizondo, 1982).

Furthermore, a 5-wk cold-air (6°C) acclimation study performed on rats showed
that both B V and P V significantly increased by the end of the exposure compared to
rats kept at 30°C (Deb and Hart, 1956). W h e n related to T B W , the changes in P V ,
B V , and E C F V were greater in the cold-exposed, compared to control rats. However,
these results were confounded by the fact that the body-fluid volumes measured in the
control rats decreased during the acclimation protocol.

4.1.3 Repeated cold-water immersion

4.1.3.1 Rest

Data pertaining to body-fluid regulation during repeated cold-air exposures is
sparse in humans and the mechanisms for such changes are speculative. A s a result,
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the impact of repeated cold-water immersions on body-fluid volumes remains largely
unexplored.

Radomski and Boutelier (1982) reported reduced diuresis in subjects

following a 9-d repeated cold-water immersion protocol (15°C) for 20-40 min daily,
compared to controls. However, while it was suggested that the reduced diuresis m a y
have been the result of a smaller degree of vasoconstriction due to lower levels of
norepinephrine, no link was established between the decrease in diuresis and possible
changes in body-fluid distribution.

In an acclimatisation study, Rochelle and Horvath (1978) compared the PV
changes during a 1-hr immersion in 14°C in surfers and non-surfers. It was reported
that surfers, being chronically exposed to cold water over 8 yr, decreased P V to a
lesser extent (12.2%) than non-surfers (17.6%). Furthermore, Rochelle and Horvath
(1978) reported a significant correlation between the percent decrease in P V and
percent body fat. U p o n further analysis, to remove the effect of body fat, Young et al.
(1987) found that the difference in the P V response between the surfers and non-surfers
was not statistically significant, suggesting no change in vascular fluid volume when
body composition remained constant. Young et al. (1987) went on to report that
repeated trials for 90 min a day, 5 d a wk, for 5 w k , appeared to have no effect on the
responses of P V , electrolyte concentrations, or urinary flow. However, since blood
constituent data were not collected during the pre- and post-cold-water immersion
stress, or at any time during the 5-wk acclimation regimen, possible early adaptations
in body-fluid regulation m a y not have been detected. Therefore, the conclusion that
repeated cold immersions have no effect on body fluid regulation m a y be premature.

In a more recent study, Sramek et al. (1993) characterised the fluid and ion
shifts during a 4-wk cold-water immersion protocol, consisting of 1-hr immersions in
water at 14°C, three times a week. Following the acclimation protocol, P V decreased
by 1 2 % , compared to the 1 8 % reduction observed on the first day of exposure,
although this result was not significant. Furthermore, mean corpuscular volume did not
change as a result of acclimation, with the 8.5 and 5 . 2 % reductions in B V being a
function of the P V changes. In addition, plasma protein concentration increased by
8.1% following acclimation, compared to 12.1% during the first exposure, while
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plasma electrolyte concentrations remained unchanged. The diuresis and excretion of
electrolytes was increased following acclimation.

Since there was no change in

erythrocyte volume, and urinary volume and electrolyte excretion was increased,
Sramek et al. (1993) proposed an isotonic dehydration of the subjects following
acclimation. It was further suggested that the human body attempts to reduce the
volume of the heat transporting medium by an enhanced diuresis when exposed to a
cold environment, and tries to prevent serum hyperosmolality through increased
excretion of cations. However, this remains largely speculative and requires further
support.

4.1.3.2 Exercise

Generally, exercise increases metabolic heat production while disturbing fluid
distribution in the body due to increased evaporative fluid loss (Adolph et al., 1969)
and the redistribution of blood to the skin to facilitate conductive and convective cooling
(Savard et al., 1988). During exercise, fluid transfer between compartments m a y occur
as a result of changes in hydrostatic and osmotic forces, with the possibility that both
plasma and erythrocyte volumes decrease (see Harrison, 1985 and Senay and Pivarnik,
1985, for reviews), and intramuscular fluid increases (Jacobsson and Kjellmer, 1964).
Additionally, high intensity exercise has typically been shown to produce increases in
fluid-regulatory hormones (Convertino et al, 1981).

While there is a paucity of information regarding body-fluid responses to
exercise in relatively neutral environments, responses during exposure to cold remain
unexplored, and information pertaining to the possible body-fluid adaptation effects to
cold are unknown. Therefore, the distribution and mechanisms for possible changes in
body fluids during cold-water exercise, resulting from repeated exposures, are poorly
understood.

4.1.4 Summary

Information pertaining to human body-fluid changes resulting from repeated
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cold-water immersions is extremely limited, and generally restricted to
measurements.

PV

However, P V quantified alone, provides only a measure of fluid

turnover and represents only a small proportion of T B W metabolism. A s a result, such
measures have not provided a clear understanding of the sources or destination of
vascular fluid flux. Furthermore, little attention has been directed towards investigating
electrolytes or fluid-regulatory hormone concentrations, in conjunction with changes in
body-fluid distribution. Therefore, w e lack a definitive understanding of the fluid
shifts, the mechanisms regulating possible body-fluid movements, and the role these
mechanisms play in cold-water acclimation.

As a result, the present study sought to quantify changes in all body-fluid
compartments and to determine the source and destination of possible fluid movements
resulting from repeated resting cold-water immersions.

Furthermore, with the

concurrent measurement of plasma electrolytes, protein, osmolality, and fluid regulatory
hormones, the study attempted to consolidate the possible mechanisms for fluid shifts
during both rest and exercise phases during such immersions.

4.2 METHODS

4.2.1 Subjects

Seven healthy active males (see Table 2.1) participated as subjects in this study
approved by the University's H u m a n Experimentation Ethics Committee. Body fluids,
measured using simultaneous radionuclide dilution and Evan's blue dye, and plasma
constituents, were serially assessed on three occasions during 90 min of cold-water
immersion, consisting of resting and exercising phases.

These assessments were

conducted on days one, eight, and 15 of a cold-water acclimation protocol.
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4.2.2 Procedures

4.2.2.1 Cold-water stress tests

Preliminary procedures and radionuclide preparations were those described in
Sections 2.2.2 and 2.2.3. Subjects were exposed to cold-water stress tests ( C W S T :
18.12°C (S.D. 0.28)) on days one, eight, and 15 of a 15-d cold-water acclimation
protocol, which involved semi-recumbent immersion to the forth intercostal space with
two phases (i) rest (60 min); (ii) cycling (30 min at 1 watt-kg"1; Collins Pedalmate,
Warren E. Collins, Inc., Massachusetts, U.S.A.). Details of the immersion tank and
underwater cycle ergometer are described in detail in Section 2.2.2.1. Experimental
standardisation was implemented on C W S T days, according to Section 3.2.2.3, to
minimise extraneous variables. Measurements during the testing included: body fluid
volumes, haematological variables (haematocrit (Hct), [Hb], plasma sodium, protein,
potassium, chloride concentrations, and osmolality), hormones (atrial natriuretic peptide
(ANP), aldosterone, and Cortisol), vasopressin, urine volume, core and skin
temperatures, cardiac frequency, forearm and skin blood flow, and oxygen
consumption. The thermoregulatory variables have been discussed in Chapter Three.
Body-fluid volumes were measured simultaneously using radionuclides: (i) T B W (150
jtCi tritium); (ii) E C F V (20 jwCi sodium-radiobromide); and (iii) R C V (autologous
erythrocytes with 5 /xCi sodium-radiochromate). Baseline P V was measured using
Evan's blue dye (T-1824) technique, with subsequent volumes calculated from changes
in Hct and [Hb]. Derived volumes included: B V ( R C V + P V ) ; I C W (TBW-corrected
E C F V ) ; and IFV ( E C F V - P V ) . See details in Section 2.2.4.3.5. Blood samples for
body-fluid determination were drawn at 5, 15, 25, 45, 59, 65, 75, and 89 min during
immersion, with each followed by saline volume replacements. Plasma electrolytes,
osmolality, and protein were also sampled at these time intervals. Plasma hormones
were sampled at 0, 59, and 89 min, with aldosterone also sampled at 25 min. See
Section 2.2.2.4 for the detailed collection procedures. Each test was terminated at 90
min, and equipment was removed immediately. Following immersion, a post-mass and
urine volume were obtained and the subject was rewarmed.
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4.2.2.2 Acclimation protocol

Subjects participated in the acclimation protocol, beginning the day immediately
following thefirstC W S T , on days two to seven and nine to 14, with further C W S T s
on day eight and 15. The acclimation protocol involved 90 min cold-water immersions
(18.41°C (S.D. 0.38)), in an air temperature of 21.29°C (S.D. 0.97), with the subjects
seated at rest, and immersed to the forth intercostal space.

4.2.2.3 Subject preparation for cold-water stress tests

Subject preparation on CWST days was identical to that described in detail in
Section 2.2.2.4. Briefly, subjects arrived at the laboratory and a urine void to serve
as a background reference for radiation counting, and mass and height were obtained.
Following 10 min of seated rest, 34 ml of blood were collected from an antecubital vein
without stasis. O f this volume, 10 ml were treated with ethylenediamine tetra-acetic
acid ( E D T A : 1.8 mg-ml"1 of blood) and stored as a radiation-background reference, and
10 ml were treated with 1 0 % citrate phosphate dextrose adenine solution (CPD-A), for
use in the preparation of the chromate injection (see Section 2.2.3.1), and the remaining
14 ml (lithium-heparin 15 L U heparinml"1 of blood) served as the P V background
reference.

The subjects then ingested tritium (150 juCi of tritiated water, 3 H 2 0 ;

Amersham Australia, T R S 7 5 m C i m l ) orally through a syringe without the needle
attached, followed by 50 ml of water. The mid-time of the ingestion dictated the time
that subjects were to begin the immersion exposure, due to the 4-hr equilibration
required for 3 H 2 0 administered by this method.
Following the 3H20 ingestion, a 21-gauge catheter, attached to a 15-cm length
of teflon tubing, was inserted into a left antecubital vein, and secured with a covering
of adhesive plaster (Opsite Flexigrid, Smith and Nephew, Hull, England). The Evan's
blue dye dose (2.5 ml; Evans Blue Injection, 25 mg-5 ml, N e w World Trading
Corporation, U.S. A.) was then administered via an anticubital vein in therightarm and
flushed with 15 ml of isotonic saline. The mid-time of the injection was considered as
the commencement of assessment for resting P V . Three 7-ml (lithium-heparin 15 L U .
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heparin ml"1 of blood) and 2-ml (potassium-EDTA 1.6 mg-ml 1 of blood) were drawn,
followed by line flushing, at 10-min intervals over the next 30 min for P V and Hct and
[Hb] determination respectively. The standard breakfast was then given to the subject
(see Section 2.2.2.3). Following breakfast, 20 ^Ci of sodium radiobromine (Na82Br;
Australian Radioisotopes, B R 2 M 2 2.1 mCi) and 5 ud

of sodium radiochromated

autologous erythrocytes (Na51Cr; Australian Radioisotopes, C R 1 M 4 0.1 mCi; see
Section 2.2.3.1), were injected sequentially, to measure E C F V and R C V respectively.
The catheter was flushed immediately following the injections with 15 ml of isotonic
saline to remove visual traces of erythrocytes, followed by 5 ml of heparinised saline
(50LU.ini-1).

During the 10-min period prior to immersion, 18.7 ml of blood were collected
for baseline measurements. Before each sample, 3 ml of fluid were removed from the
catheter and discarded and, following each sample, the catheter was flushed with 7 ml
of isotonic saline followed by 3 ml of heparinised saline (50 I.U.-5 ml). These
measurements included: radionuclides (9 ml; potassium-EDTA 1.6 mg-ml 1 of blood),
Hct and [Hb] (2 ml; potassium-EDTA 1.6 mg-ml"1 of blood), A N P (2.7 ml; potassiumE D T A 1.6 mg-ml 1 of blood treated with aprotinin 500 I.U.ml"1), electrolytes,
osmolality, Cortisol, and aldosterone (5 ml; lithium-heparin 15 L U . heparin m l 1 of
blood), and urine volume. Following baseline measurements, subjects were transferred
quickly to the tank for commencement of the exposure period.

4.2.3 Radionuclide preparations

The radionuclide injections were prepared under sterile conditions, in accordance
with the N e w South Wales Department of Health's Code of Safe Practice (1987), using
procedures developed with and approved by the Illawarra Regional Hospital's
Haematology Service ( M a w & Comer, 1993; Appendix A ) .

4.2.3.1 Erythrocyte labelling

The 10 ml of CPD-A treated blood were centrifuged for 10 min at 1500 g. The
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supernatant and buffy coat were then removed, and 5 /xCi of Na 5 1 Cr were gently mixed
with the remaining erythrocytes. The mixture was incubated for 30 min at room
temperature under a sterile fume cabinet, to facilitate chromium labelling of the cells.
The erythrocytes were then washed three times to remove free radiochromate (51Cr).
O n each occasion the cells were gently mixed with approximately 10 ml of isotonic
saline and centrifuged for 10 min at 1500 g; the supernatant was removed and the
washing procedure was repeated.

After washing the packed erythrocytes were

resuspended in isotonic saline to a combined volume of approximately 10 ml, which
was drawn into a syringe ready for injection. Twenty microcuries of Na 82 Br, were
drawn into a similar syringe.

4.2.3.2 Radionuclide standards

Approximately 0.5 ml of the radiochromated erythrocyte preparation was diluted
with distilled water to a combined volume of 250 ml. This dilution was chosen to
approximate that expected for the remaining radiochromated erythrocytes after their
equilibration in the body ( M a w , 1994).

The exact dilution was determined

gravimetrically by weighing the syringe before and after expulsion to a precision of
0.0001 g (ER-182A Electronic Balance, A & D Co. Ltd., Tokyo, Japan).

A 1-ml

aliquot, determined volumetrically, was then removed from the dilution and stored in
a plastic vial as the 51Cr-dose standard. Tritium ( 3 H), and bromine (82Br), standards
were similarly prepared by diluting approximately 0.1 ml of the 3 H 2 0 and Na 82 Br
preparations with distilled water to a volume of 500 ml in both instances.

The

standards were later used to determine the exact injected doses of the three
radionuclides, in the calculation of the respective compartmental fluid volumes (see
Section 2.2.4.3).

4.2.4 Blood and urine analyses

4.2.4.1 Radionuclides

Following the separation of plasma from erythrocytes for hormones, blood
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samples were centrifuged for 40 min at 1500 g for radionuclide separation (see Figure
2.1 for blood handling diagram). The resultant plasma was considered to be free of
platelets, while trapped plasma was taken as 2 % of the packed erythrocytes (after
Chaplin & Mollison, 1952). One-millilitre aliquots of plasma and erythrocytes were
dispensed from each blood sample into plastic vials, and refrigerated at 4°C pending
gamma-radiation (7) counting; a 1-ml aliquot from each urine sample was similarly
stored.

Erythrocyte aliquots were haemolysed prior to storage using a trace of

powdered saponin ( B D H , Merck Pty. Ltd., Kilsyth, Victoria). A 0.5-ml aliquot of the
3

H standard was dispensed into a plastic vial and stored. Plasma sample preparation

for beta-radiation (B) counting was delayed for 2 w k pending the decay of bromide.
Following this period, 0.5-ml aliquots of plasma and urine were dispensed from the 1ml aliquots used for 7 counting into 20 ml glass vials. Preparation for /3 counting
involved vigorously mixing each aliquot with 0.05 ml of 1 molar hydrochloric acid to
solubilise all solidtissues,followed by 10 ml of a commercially prepared, aqueous,
liquid scintillation cocktail (Starscint, Packard Inc., Canberra, Australia).

4.2.4.1.1 Radiation counting

Tritium activity was counted using a liquid scintillation counter (Wallac 1409,
Wallac S Y S T E M 1 4 0 0 ™ series of D S A liquid scintillation counters, Turku, Finland),
while 82Br and 51 Cr were counted using a well-type 7 scintillation counter (Wallac 1480,
W I Z A R D ™ 3 " G a m m a Counter, Turku, Finland). The 7 scintillation counter was
automatic, based on the almost 4-/T geometry of a well type detector and designed for
counting high energy samples (up to 2000 ke V ) . The detector assembly was
surrounded by 75 m m of lead shielding and protected the test sample from other
samples on the conveyor. Prior to counting, normalisation was performed on each
isotope to be counted (see Section 2.2.4.1.1).

Radiobromine was counted on the day of assessment, with all other counting
delayed for 14 d, pending the decay of 82Br. M a w (1994) reported that after 14 d, due
to its half-life of 35.6 h, 82 Br had decayed to approximately 0.14% of its original
activity, and was therefore almost undetectable in the presence of other radionuclides.
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All tubes were counted once for a duration of 15 min per tube, which was ample to
produce at least 10,000 counts or twice the background sample counts.

4.2.4.2 Evan's blue dye

Following blood collection at 10, 20 and 30 min post Evan's blue injection
(lithium-heparin 15 I. U . heparin ml"1 of blood), background and post-injection samples
were centrifuged for 40 min at 1500 g at 4°C. Plasma was separated into 5 ml plastic
tubes and stored at 4°C pending the determination of resting P V on the same day as
collection. O n a few occasions P V could not be determined on the same day and was
stored at 4°C pending analysis. Samples have been reported previously to remain stable
up to 2 w k following collection (Dr. Andrew C. Ertl, Vanderbilt University Medical
Center, T N , U.S.A., 1996; personal communication). In the present study, analysis
was performed within 48 hr of blood collection (see Appendix D for method and
Section 2.2.4.6 for detail).

4.2.4.3 Determination of compartmental fluid volumes

Fluid volumes were determined according to the equations in Section 2.2.4.3.
In determining T B W and E C F V , corrections were made for the fluid displaced from
the plasma aliquots by the presence of protein (after Chien & Gregersen, 1962). Total
body water was calculated from the concentration of3 H in the plasma, corrected for the
presence of plasma protein and for the loss of 3 H in urine (see Equation 2, Section
2.2.4.3.1). Extracellular fluid volume was calculated from the concentration of 82Br
in the plasma; corrected for the presence of plasma protein, the loss of 82Br in
erythrocytes and urine, and the Gibbs-Donnan electrolyte balance (see Equation 3,
Section 2.2.4.3.3). Erythrocyte and urine 82Br concentration were themselves corrected
for the presence of 51 Cr, using the ratio (c) between the radioactivity of the 51 Cr
standard detected in the 82Br energy range and that detected in the 51 Cr range. The
Gibbs-Donnan ratio (r) was taken as 1.02 (Manery, 1954). Red cell volume was
calculated from each sample and corrected for 51 Cr urine loss. However, technical
difficulties prevented the calculation of R C V using Na 5 1 Cr (see Section 2.2.4.3.3 for
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detail), thus R C V was determined indirectly using P V and Hct (see Equation 5, Section
2.2.4.3.3; after Whipple et al, 1920). Resting P V was calculated from the blood
sample taken 10 min following injection of the Evan's blue dye (see Equation 6, Section
2.2.4.3.4). Subsequent volumes were calculated using the percent change in P V as
derived from changes in the concentration of Hct and [Hb] (see Equation 7, Section
2.2.4.3.4) and transformed to an absolute P V by using the resting P V established using
the Evan's blue dye technique (see Equation 8, Section 2.2.4.3.4). Intracellular water
volume was calculated as the difference between T B W and extracellular water volume
( E C W ) , where E C W wasfirstcalculated by adjusting E C F V for the presence of all
plasma solutes (see Equation 9, Section 2.2.4.3.5; after Chien and Gregersen, 1962).
Interstitial fluid volume was calculated as the difference between E C F V and P V , and
total B V was calculated as the sum of P V and R C V .

4.2.4.4 Hormones

Hormone analysis for plasma ANP, aldosterone, and Cortisol concentrations, was
based on the radioimmunoassay technique described in detail in Section 2.2.4.4.
Briefly, blood samples were collected in chilled tubes (potassium-EDTA 1.6 mg-ml"1
of blood treated with aprotinin 500 LU.-ml for A N P , and lithium-heparin 15 L U .
heparin-ml1 of blood for aldosterone and Cortisol), centrifuged for 15 min at 1500 g
and 4°C and the plasma immediately separated. Analysis for A N P was performed using
a radioimmunoassay kit (General protocol for radioimmunoassay kit, ^Peninsula
Laboratories, Inc., C A , U.S.A.) following a column extraction procedure (see Section
2.2.4.4.1 for more detail). Plasma aldosterone analysis was performed using the
aldosterone direct radioimmunoassay kit (Aldosterone direct radioimmunoassay kit,
Biotecx Laboratories, Inc., Texas, U.S.A.; see Section 2.2.4.4.2 for more detail).
While the determination of plasma Cortisol concentration was performed using Cortisol
radioimmunoassay kits ( C O R T I S O L [125I] Radioimmunoassay, Orion Diagnostica,
Espoo, Finland; see Section 2.2.4.4.3 for more detail).

Calculation of the respective hormone concentrations were determined from the
standard curve (semi-logarithmic scale) produced through the calculation of the binding
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of the serum standards as a percentage of the m a x i m u m possible binding once all
duplicate tubes were averaged (%BB0: see Equation 10, Section 2.2.4.4.1).

The

standard curve was generated on a semi-logarithmic scale where the % B B 0 was plotted
against the log of the standard concentrations of the peptide and a third order
polynomial was fit to the plot to obtain the characteristics of the curve (see Section
2.2.4.4.1).

The counts from each tube were then substituted into the respective

equation to determine the concentration.

4.2.4.5 Osmolality

The samples for the determination of plasma osmolality were collected (lithiumheparin 15 L U . heparin ml"1 of blood) and centrifuged for 15 min at 1500 g and 4 ° C
100 (iL of plasma was separated from each tube and stored at -20°C pending analysis.
Samples were analysed using a Vapour Pressure Osmometer (Model 5100C, Wescor,
Inc., U.K.; see Section 2.2.4.5 for detail).

4.2.4.6 Protein and chloride

Blood for the measurement of plasma protein and chloride concentration was
collected (lithium-heparin 15 I.U. heparin ml"1 of blood) and centrifuged for 15 min at
1500 g and 4 ° C A total of 300 uL of plasma was pipetted from each tube for both
analyses and stored at -20°C Plasma protein concentration was determined using the
method of Lowry et al. (1951; see Appendix B for detail).

Plasma chloride

concentration was analysed using a commercial kit (Chloride, Sigma Diagnostics®, M O ,
U.S.A.).

The sensitivity was defined as a change in absorbance of 0.0055

corresponding to 1 meq-11. The intra-assay coefficient of variation was 1.2% and the
inter-assay coefficient of variation was 3.5% (see Section 2.2.4.6 for detail).

4.2.4.7 Sodium and potassium

The samples for the determination of plasma sodium and potassium concentration
were collected (lithium-heparin 15 L U . heparin m l 1 of blood) and centrifuged for 15
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min at 1500 g and 4°C following collection, of which 500 fxL of plasma was separated
from red cells for analysis and stored at -20°C. Analysis of the plasma was performed
use a Flame Photometer (Corning M 4 1 0 , Ciba Corning Diagnostics Scientific
Instruments, Essex, England; Appendix C for detailed method).

4.2.4.8 Haematocrit and haemoglobin concentration

Blood was collected (potassium-EDTA 1.6 mg-ml"1 of blood) but tubes were not
centrifuged. Five hundred microlitres of whole blood were removed from each tube
and frozen at -20°C for later analysis of [Hb]. The E D T A tubes were then stored at
4°C for the determination of Hct later that same day, using the microhaematocrit
method (TEC M B C E N T R I F U G E , International Equipment Co., M A , U.S.A.; see
Section 2.2.4.8). Blood [Hb] was determined using the cynamethemoglobin technique
(Total Hemoglobin, Sigma Diagnostics®, M O , U.S.A.; see Section 2.2.4.8 for detail).
The reproducibility of the kit had a coefficient of variation of 0.4%.

4.2.5 Analysis

Multivariate, repeated measures analysis of variance (ANOVA) was used to
determine differences with acclimation (day 1, 8 and 15) and exposure time (SAS 6.0,
Statistical Analysis Systems Inc., N C , U.S.A.). In the event of a significant result,
Tukey's test of Wholly Significant Difference was performed on the univariate output
to determine specific differences. Alpha was set at 0.05 for all analyses. W h e n the
differences were not significant, the power (<f>) of the analysis was computed. Data
presented are means with standard errors of the means, unless otherwise indicated.
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4.3 R E S U L T S

4.3.1 Pre-immersion comparisons between cold-water stress test days

4.3.1.1 Body-fluid distribution and plasma constituents

Pre-immersion TBW decreased 3.18% (±1.72) by CWST3, compared to
C W S T l (P>0.05; Table 4.1), even though pre-immersion body mass was maintained
within +0.45 kg across the C W S T days (P>0.05). Accordingly, the extravascular
fluid volumes, E C F V , IFV, and I C W , decreased in the order of 3-6% by C W S T 3
compared to C W S T l (P>0.05; Table 4.1), although this trend was only consistently
evident for four out of the seven subjects studied. In contrast, pre-immersion P V was
approximately 2 % greater by the final C W S T , compared to the first (P>0.05).
However, alterations in pre-immersion T B W , E C F V , IFV, I C W , B V , P V or R C V were
not significant as a result of the repeated cold-water immersion protocol (P>0.05).
Furthermore, when expressed as a percentage of T B W , intra- and extravascular fluid
compartments remained generally constant across the three C W S T days, despite the
slight reduction in pre-immersion T B W (P>0.05; Table 4.2).

Pre-immersion plasma sodium, chloride, and potassium concentrations, and
plasma osmolality remained generally stable across the three C W S T s , as expected since
body-fluid compartments showed no significant changes. However, both plasma protein
and aldosterone concentrations were increased by approximately 6 % prior to C W S T 3 ,
compared to C W S T l ( P > 0.05; Table 4.3). Conversely, the data indicated progressive
decreases in plasma Cortisol concentration across the trials, suggesting a reduced stress
response prior to immersion, while plasma A N P remained unchanged (Table 4.3).
Despite these small alterations, the plasma concentrations of protein, sodium, chloride
and potassium, plasma osmolality, and hormonal concentrations followed the body-fluid
responses, and showed no significant changes prior to immersion on C W S T days
(P>0.05; Table 4.3).
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Table 4.1: Pre-immersion fluid volumes on cold-water stress test ( C W S T ) days
Fluid volume

CWSTl

CWST2

CWST3

(ml-kg1)

(ml-kg"1)

(ml-kg-1)

TBW

724.35 (10.57)

723.59 (18.09)

700.34 (6.04)

ECFV

292.70 (9.82)

286.69 (4.80)

282.78 (9.40)

ICW

445.19(20.95)

439.77 (17.08)

418.67 (12.54)

IFV

251.81 (10.61)

240.61 (5.65)

239.01 (7.57)

PV

43.19 (2.99)

44.33 (0.95)

43.86 (3.09)

RCV

31.20 (2.32)

30.40 (1.16)

30.77 (2.09)

BV

74.39 (5.24)

74.73 (1.93)

74.55 (5.31)

Abbreviations: T B W (total body water), E C F V (extracellular fluid volume), I C W
(intracellular water), IFV (interstitial fluid volume), P V (plasma volume), R C V (red
cell volume), B V (blood volume). Data are means with standard error of the means in
parentheses.
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Table 4.2: Pre-immersion intra- and extravascular fluid volumes expressed relative
to total body water on cold-water stress test (CWST) days
Fluid volume

CWSTl

CWST2

(% TBW)

(% TBW)

CWST3

(% TBW)

ECFV

40.40 (1.54)

39.73 (0.95)

40.42 (1.50)

ICW

59.74 (1.55)

60.67 (1.05)

59.74 (1.49)

IFV

34.66 (1.69)

33.34 (0.94)

34.16 (1.20)

PV

6.02 (0.39)

6.15 (0.19)

6.27 (0.52)

RCV

4.35 (0.32)

4.21 (0.17)

4.40 (0.32)

BV

10.37 (0.67)

10.36 (0.33)

10.66 (0.80)

Abbreviations: T B W (total body water), E C F V (extracellular fluid volume), I C W
(intracellular water), IFV (interstitial fluid volume), P V (plasma volume), R C V (red
cell volume), B V (blood volume). Data are means with standard error of the means in
parentheses.
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Table 4.3: Pre-immersion plasma concentrations of protein, osmolality, sodium,
chloride, potassium, atrial natriuretic peptide (ANP), aldosterone, and Cortisol on
cold-water stress test ( C W S T ) days
Plasma constituent
protein (gm-dl1)

CWSTl

CWST2

CWST3

7.67 (0.31)

7.83 (0.46)

8.15 (0.14)

osmolality (mOsm-L 1 )

278.39 (2.39)

279.37 (2.06)

278.98 (1.22)

sodium (mMol-L 1 )

143.50 (1.52)

144.28 (2.64)

145.62 (1.86)

chloride (mMol-L 1 )

94.50 (1.70)

95.71 (1.47)

94.53 (1.38)

potassium (mMol-L 1 )

4.31 (0.10)

4.36(0.12)

4.29(0.14)

A N P (pg-ml1)

18.76 (1.48)

19.12 (1.17)

18.21 (2.16)

aldosterone (pgml 1 )

472.85 (47.45)

489.19 (26.47)

500.63 (29.62)

Cortisol (nmol-L1)

470.17(62.56)

463.84 (77.04)

440.90 (67.63)

Data are means with standard error of the means in parentheses.
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4.3.2 Serial comparisons between cold-water stress test davs

4.3.2.1 Body-fluid compartment alterations

No differences in mass were observed within or between the CWST days
(P>0.05), and T B W remained relatively constant throughout the C W S T s during rest
and exercise, averaging 727.82 ml-kg1 (±11.18), 725.32 ml-kg1 (±15.38) and 703.25
ml-kg1 (±4.90) across C W S T l , 2, and 3 respectively (P>0.05, <£<0.20). The postimmersion urine volumes showed fluid losses from the body averaging 661.43 ml
(±116.96), 650.71 ml (±80.26) and 701.43 ml (±89.26) for C W S T l , 2, and 3
respectively (P>0.05).

While mass was determined prior to the urine void, the

m a x i m u m fluid loss of 701.43 ml found during C W S T 3 , accounted for only 1.33% of
T B W , with the probability of this volume being within the error of T B W measurement.

Changes in the intravascular space were limited primarily to the PV, since RCV
(indirect) did not change from baseline during the resting or exercise phase of the
C W S T s averaging 31.09 ml-kg"1 (±2.24), 30.59 ml-kg"1 (±1.59) and 30.37 ml-kg"1
(±2.12) across C W S T l , 2, and 3 respectively (P>0.05, <£<0.20; Figure 4.1C). This
result was supported by the relatively stable R C V , determined using Na 51 Cr in two
subjects across all C W S T s . Plasma volume contracted during the resting and exercise
phases of all C W S T s (time effect, P<0.05), and there was a tendency for P V to
decrease less during the resting phase of immersion as the trials progressed, decreasing
6%, 3 % , and 2 % for C W S T l , 2 and 3 respectively (Figure 4.IB). The reduction in
P V can be attributed to a cold temperature effect, since immersion of the same subjects
for an equivalent time period in warm water produced a significant increase in the
vascular volume.

It was suggested that peripheral venoconstriction countered the

hydrostatic effects of the water to produce the decrease in P V (see Chapter T w o ) . T o
further support the trend for an attenuated decrease in P V during the rest phase of the
C W S T following the acclimation protocol, Hct was found to be significantly lower at
5, 25, and 59 min of C W S T 3 , compared to C W S T l (P<0.05). Despite these findings
however, there were no significant acclimation differences in the P V change across the
rest or exercise phases of the C W S T s (P>0.05). Accordingly, there was no
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acclimation effect for B V , averaging 72.54 ml-kg"1 (±4.33), 73.41 ml-kg"1 (±1.71) and
72.46 ml-kg"1 (±5.15) for C W S T l , 2, and 3 respectively (P>0.05, <£<0.20; Figure
4.1A).

Extracellular fluid volume showed increases over time during the resting phase
of each C W S T , which reflected increases in IFV and decreases in I C W . However,
during the exercise phase, the alterations in E C F V , and hence the IFV and I C W , were
attenuated (Figure 4.2). Despite the fluid shifts during the C W S T s , there was no
acclimation effect on E C F V during rest or exercise, averaging 302.60 ml-kg"1 (±7.31),
302.35 ml-kg"1 (±4.02) and 299.06 ml-kg"1 (±7.68) for C W S T l , 2, and 3 respectively
( P > 0.05, <b < 0.20; Figure 4.2B). Consequently, the derived volumes of I C W and IFV
were not found to be significantly different over time between trials, averaging 424.38
ml-kg1 (±10.72), 424.46 ml-kg"1 (±13.95) and 405.27 ml-kg"1 (±9.10) and 262.32
ml-kg"1 (±7.88), 259.12 ml-kg"1 (±4.70) and 256.97 ml-kg1 (±6.85) across the trials
for I C W and IFV respectively (P>0.05, <f><0.20; Figure 4.2A and C).

4.3.2.1.1 Overall changes in body-fluid compartments

To get an overall impression of fluid displacement within compartments, fluid
volumes were expressed as the nett volume change occurring during the rest and
exercise phases of the C W S T s separately (Figure 4.3A and B ) . Furthermore, the
percentage change in each volume was calculated, relative to the volume prior to the
resting and exercising phases of each C W S T respectively, to allow comparisons
between compartments.

The fluctuations in TBW during both rest and exercise across the CWSTs
(P>0.05), can be explained by measurement insensitivity, since the greatest change in
T B W during the resting phase of C W S T 3 was an approximate 1 L volume adjustment,
representing only 2 % of T B W . Furthermore, the decreases in I C W were primarily
from the extravascular-intracellular fluid, supporting the relative stability of the R C V ,
during both the rest and exercise phases of all C W S T s . From the volume changes
during the resting phase, it was immediately apparent that I C W was shifted to the IFV,
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Figure 4.2: A: Intracellular water (ICW), B: extracellular fluid volume (ECFV), and
C: interstitial fluid volume (IFV) during three 90-min cold-water stress tests ( C W S T :
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since P V decreased and E C F V increased during the C W S T s (Figure 4.3A).
Furthermore, the approximate 19 ml-kg"1 (1400 ml) decrease in I C W , compared to the
12 ml-kg1 (900 ml) increase in the IFV, suggests the I C W also contributed to the 661
ml diuresis during C W S T l . Similar to the I C W , the approximate 3 ml-kg"1 (225 ml)
of fluid leaving the P V could also enter the IFV, the urine volume, or both. However,
as the cold-water acclimation protocol progressed, the reduction in I C W and the
intravascular compartment were attenuated (P>0.05), and does not explain the
approximate 20 ml-kg"1 (1500 ml) increase in E C F V , which was primarily IFV during
C W S T 2 and 3 (P>0.05). Regardless, the stabilisation of this response by C W S T 3
prompted the calculation of the relationship between the I C W changes and the
significant reductions in oxygen consumption, discussed in Chapter Three. However,
the relationship was poor (r=0.1632), indicating that changes in the metabolic response
did not account for the changes in the I C W .

Closer inspection suggested that the

smaller reduction in I C W during the resting phase of C W S T 3 , compared to C W S T l and
2, was a function of the greater increase in T B W , since I C W was calculated by the
subtraction of E C F V from T B W . Therefore, changes in I C W would be influenced by
the measurement sensitivity of both fluid compartments from which it was derived.

Interestingly, ICW showed no further decreases from rest during the exercise
phase of C W S T l .

A difference in core temperature may have contributed to the

constant I C W during exercise, but the mean decrease in oesophageal temperature was
similar between the resting and exercising phases of C W S T l (-0.58°C (±0.10) versus
-0.55°C (±0.15)). However, the I C W was not defended during exercise as a result of
the acclimation regimen, with I C W during C W S T 3 decreasing to levels approximating
those attained by the end of the rest phase during C W S T l (P>0.05; Figure 4.3A and
B), possibly corresponding with greater reductions in oesophageal temperature.
Furthermore, the intravascular space was reduced more during the exercise phase of
C W S T 3 than C W S T l , and the increase in the IFV was attenuated during the exercise
phase of all C W S T s (P>0.05).

Since the I C W and P V were not substantially

decreased until the exercise phase during C W S T 3 , such a finding may suggest the
delayed contribution of fluid to the urine volume. However, it is viewed with caution
due to the small fluctuations in T B W .
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Figure 4.4: Plasma protein concentration (A) and plasma osmolality (B) during three
90-min cold-water stress tests ( C W S T : 18.11°C (S.D. 0.12)) on days one, eight, and
15 of a 15-day cold-water acclimation protocol. Insert graphs represent the change in
the total plasma protein and osmolality across the resting and exercise phases of each
cold-water stress test. Data are means with standard errors of the means.
Page 209

Figure 4.5: Plasma concentrations of sodium (A), chloride (B), and potassium (C)
during three 90-min cold-water stress tests ( C W S T : 18.11°C (S.D. 0.12)) on days one,
eight, and 15 of a 15-day cold-water acclimation protocol. Insert graphs represent the
change in the total plasma sodium, chloride and potassium across the resting and
exercise phases of each cold-water stress test. Data are means with standard errors of
the means. (1 = significant difference between C W S T l and 2; 2 = C W S T l and 3
significantly different).
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145.53 meq-1"1 (±2.69), 144.18 meq-11 (±1.92), and 144.72 meq-1"1 (±2.32) for
C W S T l , 2 and 3 respectively, (P>0.05,tf><0.20;Figure 4.5A). Moreover, plasma
chloride remained unchanged throughout the trials, averaging 93.38 meq-1"1 (±1.45),
93.53 meq-1"1 (±1.34), and 93.00 meq-1"1 (±1.00) across each trial (P>0.05, 0<O.2O;
Figure 4.5B).

When expressed as change scores relative to the total amount in the plasma,
across the rest and exercise phases of the C W S T s , the total plasma sodium, chloride
and osmolality decreased in accordance with the P V reductions (Insert Figures of 4.4
and 4.5). However, the reduction was only significant during the exercise phase for
plasma sodium ( P < 0.05). Conversely, total plasma protein showed an increasing trend
when the P V reductions were greatest during the resting phase of C W S T l , and the
exercise phase of C W S T 3 (P>0.05; Insert Figure 4.4A). Furthermore, total plasma
potassium tended to increase progressively during the resting phase across the C W S T s
(P>0.05; Insert Figure 4.5C).

Plasma concentrations of ANP increased during the course of each trial during
rest, and increased further during the exercise phase (P<0.05; time effect).
Furthermore, there was a tendency for the increase to be attenuated by the end of the
rest phase as the acclimation progressed, increasing 40.67 pg-ml"1 (±14.13), 28.90
pg-ml"1 (±10.56), and 21.80 pg-ml'1 (±6.26), for C W S T l , 2, and 3 respectively.
Based on these changes and the attenuated decreases in P V (Figure 4. IB) across the rest
phases of the C W S T s , the relationship between the two variables was examined.
However, when calculated, the correlation between P V and A N P was very low (slope=
-0.0006, r = 0.005), indicating that changes in A N P were probably not primarily
responsible for the P V alterations. Furthermore, there were no significant differences
in the changes in plasma A N P concentrations between C W S T days ( P > 0.05, 0 <0.20;
Figure 4.6A). Similarly, while plasma aldosterone decreased in all three trials (time
effect; P < 0 . 0 5 ) , the concentration did not change significantly as a result of the
acclimation protocol (P>0.05, <j><0.20; Figure 4.6B). There was a tendency for
Cortisol concentration to decrease when averaged across the trial (483.73 n m o H "
(±43.48), 455.80 nmol-1"1 (±64.45), and 437.03 nmol-1"1 (±57.15) for C W S T l , 2 and
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Figure 4.6: Plasma concentrations of atrial natriuretic peptide (ANP; A ) , aldosterone
(B), and Cortisol (C) during three 90-min cold-water stress tests ( C W S T : 18.11°C (S.D.
0.12)) on days one, eight, and 15 of a 15-day cold-water acclimation protocol. Data
are means with standard errors of the means.
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3 respectively). However, this change was probably due to lower baseline levels prior
to immersion as the acclimation progressed, and probably related to reduced stress
levels. Moreover, plasma Cortisol levels showed no significant differences during or
between C W S T days (P>0.05, <£<0.20; Figure 4.6C).

Generally, the plasma constituent responses remained relatively constant between
the C W S T s .

Such findings were in agreement with the body-fluid compartment

responses, which reflected no alterations despite the development of a thermogenic
habituation during the repeated cold-water immersion protocol.

4.3.3 Individual responses to cold-water stress test davs

This 15-d acclimation protocol primarily showed a diminished V02 response,
indicative of an habituation to the resting cold phase (Chapter Three). Such a response
appeared to have no significant effects on body-fluid distribution or plasma constituents.
However, since the analyses of individual subject data revealed an insulative adaptation
in two subjects (see Figure 3.16), a combined hypothermic-insulative adaptation in three
subjects (see Figure 3.17), and an habituation in two subjects (see Figure 3.18),
individual analyses were carried out on each subject to determine if differences in the
pattern of adaptation produced varying patterns in fluid-electrolyte responses and
hormonal changes during acclimation. The analysis was conducted in graphical form,
in conjunction with the calculation of change scores (%) for the response of each
variable for individual subjects. Once trends for each subject were established, subjects
were divided into the specific thermoregulatory adaptation acquired, as a result of the
repeated cold-water immersions, and the trends were compared.

However, no

particular pattern of body-fluid distribution could be ascertained within each type of
adaptation. For instance, four of the seven subjects showed an attenuated decrease in
P V during the rest phase by C W S T 3 , with this response being elicited by at least one
subject from each adaptation type identified.
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4.4 DISCUSSION

The very few previous studies concerned with body-fluid regulation have been
restricted to P V assessments, and measurements have only been obtained prior to and
following each comparative immersion exposure (Rochelle and Horvath, 1978; Young
et al., 1987; Sramek et al., 1993). This investigation was thefirstto quantify wholebody fluid distribution, and attempted to determine the mechanisms responsible for
potential changes in fluid volumes, at rest and during exercise, resulting from repeated
cold-water immersions.

4.4.1 Bodv-fluid distribution and plasma constituent changes across cold-water
stress test days

4.4.1.1 Pre-immersion comparisons

While the resting body-fluid volumes calculated during the present study were
larger than those reported previously as normal values (International Commission on
Radiological Protection, 1975; International Committee for Standardization in
Haematology, 1980), the participating subjects were habitually active, engaging in
endurance exercise activities on most days, and were leaner than average Australian
males (Gore and Edwards, 1992).

Since lean tissue is accompanied by a higher

percentage of water than that present in adipose tissue (Pace and Rathbun, 1945),
subjects with lower adiposity levels usually have larger T B W . Furthermore, the fluid
volumes measured in the present study have been reported previously using similar
dilution techniques in both active and sedentary male subjects ( M a w , 1994; Dyrbye and
Kragelund, 1970). This issue has been discussed in more detail in Chapter T w o (see
Section 2.4.2).

The present investigation found that a 15-d repeated cold-water immersion did
not produce any significantly measurable effects on the pre-immersion distribution of
body fluids (see Table 4.1), or provoke any significant alterations in plasma osmolality,
electrolyte, or hormonal concentrations (see Table 4.3). Similarly, Young et al. (1987)
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reported no changes in resting P V or plasma electrolyte concentrations following a 5-wk
cold-water acclimation protocol. Furthermore, Rochelle and Horvath (1978) observed
P V levels similar in surfers, acclimatised to cold water for up to 8 yr, and non-surfing
control subjects. Such findings may be expected since subjects were only exposed
intermittently to the cold stimulus, spending the majority of each day in relative thermal
comfort. Furthermore, as discussed in Chapter Three (see Section 3.4.2), no changes
in pre-immersion thermoregulatory variables were observed in the present investigation.
In contrast, continuous exposure cold-air studies for up to 1 wk, have shown decreases
in P V (Bazett et al, 1940; Conley and Nickerson, 1943; Lennquist, 1972) and E C F V
(Conley and Nickerson, 1943) by the conclusion of the cold exposure, lending support
to the possible inadequacy of an intermittent cold stimulus.

However, the fluid

alterations in these latter studies were most likely a function of the reported negative
water balance, producing an overall reduction in body fluid, rather than cold-induced
fluid shifts between compartments. A s a result, the inadequacy of the cold stimulus can
only be surmised.

During the present study, however, there was a trend for resting TBW to be
maintained 3 % lower (1.6 L ) , prior to C W S T 3 , compared to C W S T l and 2. Although
this was not a significant result,fiveof the seven subjects followed this trend, with the
remaining two subjects showing an average increase of 0.8 L by C W S T 3 , compared to
CWSTl.

While a change in body composition cannot be ruled out, since skinfold

measurements were not taken following the acclimation protocol, body mass did not
change significantly as a result of the exposures, being maintained within +0.45 kg
across the 15 d. Bass (1960) also reported a small trend for T B W to decrease during
a 12-d exposure to cold air. Sramek et al. (1993) speculated that a diminished volume
of body fluid would be less energy demanding in terms of the maintenance of thermal
homeostasis, since the heat transporting medium would be reduced. While such a
mechanism is tempting, based on the result in the present study, it remains speculative
in nature. Furthermore, 5-wk cold-air acclimation studies in rats and monkeys have
shown approximately 4 % increases in T B W following acclimation (Deb and Hart, 1956;
Oddershede and Elizondo, 1982). Oddershede and Elizondo (1982) suggested that such
a response indicated a larger proportion of actively metabolising tissue, since Pace and
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Rathbun (1945) demonstrated an inverse relationship between body fat and water
content in guinea pigs. Such an observation is not supported in humans, and the
present results suggested that the habituated-thermogenic response achieved during the
cold-water acclimation protocol did not provide an adequate stimulus for producing
measurable changes in the pre-immersion volume of fluid in the body, or its intercompartment distribution.

4.4.1.2 Serial comparisons during rest and exercise

In conjunction with the lack of change in pre-immersion body-fluid distribution
and plasma constituents, the present data showed no differences between the serial
responses during each trial, at rest or during exercise, as the acclimation protocol
progressed. Total body water remained relatively stable during both the rest and
exercise phases of each C W S T , corresponding with the maintenance of body mass
throughout each exposure. In addition, urine production remained similar during
acclimation; and while fluid that constitutes urine formation is no longer part of the
T B W , the fluid loss was less than 1.5% of T B W and within the error of T B W
measurement. The lack of a change in T B W during each C W S T was probably a
foreseen result, since the only potential substantial avenue for water loss during
exposure to cold was through urine formation. Urine loss would have to amount to
approximately 1100 ml to achieve just a 2 % change in T B W during a 90-min exposure.
Conversely, in hot environments the need for evaporative cooling is increased and,
while the diuresis is minimal, body-fluid losses usually exceed those incurred during
equivalent tasks in cooler conditions (Adolph and Molnar, 1946; Morimoto et al,
1967), possibly producing measurable changes in T B W (Patterson et al, 1997).

Plasma volume decreased progressively during the rest and exercise phases of
each C W S T , while R C V remained stable and, as such, the observed decreases in B V
were a function of the P V change in each instance (see Figure 4.1). Similarly, Young
et al. (1987) found no significant differences in the decreasing P V response following
a 5-wk cold-water acclimation protocol when subjects were exposed to both a cold-air
and cold-water environment. The decrease in P V , in conjunction with the observed
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increases in plasma protein concentration, were attenuated during the resting phase of
C W S T 2 and 3, compared to C W S T l in the present investigation. Such a response can
be attributed to the haemoconcentration since total plasma protein did not change
significantly in the present study. Moreover, Hct was found to be significantly lower
during C W S T 3 compared to C W S T l , supporting the attenuated decrease in P V .

A

similar finding, although also not significant, was reported by Sramek et al. (1993)
where P V decreased by 1 2 % , with an increase in plasma protein concentration of 8.1 %,
following a 4-wk cold-water acclimation protocol when compared to an 1 8 % P V
decrease, and a 1 2 . 1 % protein concentration increase during thefirstexposure.

The smaller PV change may be related to the preferential defence of the
intravascular compartment in light of the tendency for the reduction in whole-body fluid
in the current investigation. Although the decreases in P V tended to be larger during
the exercise phase of C W S T 3 , compared to C W S T l , and reached levels similar to those
observed during the resting phase of C W S T l (see Figure 4.3A and B).

Smaller

reductions in P V have been found following heat acclimation (Sawka et al, 1983);
while the mechanism for the apparent P V defence remains speculative, it has been
associated with a more hypotonic sweat secretion (Kirby and Convertino, 1986) and
increased total circulating protein (Senay et al., 1976) causing increases in intravascular
osmotic and oncotic pressure, and promoting intravascular fluid retention. Neither of
these mechanisms seem likely for the attenuated P V decrease in the current
investigation, since there were no significant differences in plasma osmolality or the
plasma concentrations of electrolytes across the C W S T s , and total circulating protein
actually decreased slightly during the rest phase as the C W S T s progressed.

It seems logical to suggest that the smaller decrease in PV as the acclimation
progressed m a y be the result of the habituated oxygen consumption response observed
following this protocol. This mechanism would certainly help explain the greater
decrease in the intravascular compartment during the exercise phase of C W S T 3
compared to C W S T l , since the habituation response was only apparent during the
resting phase. Increased cellular metabolism, due to cold-induced thermogenesis, has
been suggested to produce body-fluid shifts from the vascular compartment to the I C W
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(Oddershede and Elizondo, 1982; Lennquist, 1972).

Consequently, a diminished

thermogenic response during the resting phase of the current study may suggest a
smaller fluid shift from the intravascular compartment. However, such a response was
not supported in the present investigation, since E C F V actually increased during both
the resting and exercising phases of all three C W S T s , contributing to decreases in I C W
and increases in IFV accordingly.

Furthermore, Young et al. (1987) found no

correlation between shivering and the decrease in P V , and the relationship between the
oxygen consumption and P V changes was only marginal in the current investigation.
Therefore, it would seem that the habituated-thermogenic response plays no role in the
small P V defence.

Fluid-regulatory hormonal changes were not significantly different between
C W S T days during rest or exercise (see Figure 4.6). The similar decreases in plasma
aldosterone concentration across the C W S T s , despite the absence of any change in
plasma osmolality, m a y be explained by the immersion-induced central hypervolaemia
stimulating cardiopulmonary baroreceptors (Mark and Mancia, 1983; Harrison et al,
1986), and was not influenced by repeated cold-water immersions. The distinction
between hydrostatic and cold effects was supported by similar reductions in plasma
aldosterone concentration during acute warm-water immersion in the same subjects.
In contrast, plasma A N P concentration, which has not been measured previously during
cold-water exposure, increased significantly over time in all three C W S T s , and can be
attributed to increased atrial distension accompanying central blood volume expansion
(Laragh, 1985), resulting from the hydrostatic effects of water and peripheral
constriction due to the cold temperature. The current data have uniquely shown the
increased A N P response to be due to thermal stress, rather than an hydrostaticallyinduced effect (see Section 2.4.3.1). While the combination of the reduced plasma
aldosterone and increased A N P response, resulting from the increased central
hypervolaemia, m a y possibly contribute to the general reductions in P V , a direct cause
and effect relationship is yet to be established. However, there was a tendency for the
A N P response to become attenuated during the resting phase of C W S T 2 and 3,
compared to C W S T l (see Figure 4.6A). Such a response supports the smaller P V
reduction during the rest phase as the C W S T s progressed and, based on the suggestion
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that A N P m a y play a role in the regulation of B V (Miki et al, 1986), it m a y be the
regulating factor. However, the poor correlation between these two variables in the
present investigation suggests that A N P was not the principle determinant for the small
P V attenuation. Furthermore, larger increases in A N P concentration might be expected
following the current acclimation protocol, due to the tendency for forearm blood flow
to be maintained lower during C W S T 2 and 3, compared to C W S T l (see Figure 3.12A),
suggesting a redistribution of blood flow from the periphery to the central areas of the
body in an attempt to conserve heat. Although relatively small, the diuresis was 50 ml
greater in C W S T 3 when compared to C W S T l and 2, and is one of the characteristic
responses to increase in plasma A N P concentration. A s a result, the mechanism for the
progressively smaller reductions in P V during the rest phase of the C W S T s still remains
uncertain.

The destination of the progressively smaller and larger amounts of fluid lost
from the intravascular space during the rest and exercise phases of the C W S T s ,
respectively, also remains speculative since the increases in E C F V , and the increases
and decreases in IFV and I C W , respectively, found during this study were not altered
significantly as a result of the repeated cold-water immersions (see Figures 4.2 and
4.3).

While previous E C F V s have not been measured directly during cold-water

immersion, Conley and Nickerson (1945) found decreases in E C F V in four subjects
exposed to cold air (16-18°C) for 3 to 5 d, with the measurements being performed
prior to, and 3 to 5 d following the cold exposure. However, data from other studies
of longer duration in rats and humans support the findings of the present investigation,
reporting unaltered E C F V changes as a result of cold acclimation (Deb and Hart, 1956;
Bass, 1960).

It is most likely that fluid from the P V entered the IFV, the urine

volume, or both, due to the increases in these fluid volumes; with such small changes
in the fluid loss from the intravascular compartment possibly remaining undetected with
the measures used in this study. The interstitium provides the reservoir for the coldinduced plasma filtrate (Adolph and Molnar, 1946; Vogelaere et al., 1992). If this was
the case, the 6, 3, and 2 % reductions in the P V during the resting phase of C W S T l ,
2, and 3 respectively, would translate to 1, 0.6, and 0.4% increases in IFV, certainly
falling within the error of the measurement.
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It does appear that the I C W was the predominant contributor to the urine
volume, in conjunction with producing the increases in the IFV during all C W S T s .
While the I C W was derived from the directly measured T B W and E C F V , the decrease
in the I C W was supported by the progressive increase in total plasma potassium over
time during each trial, showing that the increase in potassium concentration observed
during the C W S T s

(see Figure 4.5C) could not be attributed solely to the

haemoconcentration. Plasma potassium concentrations increase during thermoneutral
immersion (Khosla and DuBois, 1979; Miki et al, 1987), and it was suggested that
intracellular fluid was mobilised into the blood (Miki et al, 1987). A s a result, it
could be concluded that such a response was due to the hydrostatic effects of the water
rather than the cold. However, Young et al (1987) reported that the change in plasma
potassium produced by cold air was not different from cold-water exposure, despite the
marked difference in magnitude and rate of body cooling between environments. Based
on this finding and the unchanged potassium concentration during an acute
thermoneutral immersion performed on the same subjects involved in the present
acclimation protocol (see Chapter T w o , section 2.4.2.2), the distinction between
immersion and the cold cannot be made. Furthermore, the mechanism for the I C W
efflux is uncertain although it has been suggested that cell membrane pumps are
activated in response to the water-induced hydrostatic compression, perceiving the
compression as increased cell volume, thus forcing the removal of ions and fluid from
the cell (Krasney, 1996). A s a result, the I C W would be reduced.

4.4.1.2.1 Stress response

While plasma Cortisol concentration is not directly related to body-fluid
regulation, it has been previously used as a stress indicator during cold-water immersion
(Rochelle and Horvath, 1978) and it was of interest to evaluate adaptation effects. Preimmersion baseline plasma Cortisol concentrations were higher than normal resting
values, probably explaining the lack of change during the C W S T s , although there was
a slight further increase in concentration during the rest and exercise phases of C W S T l
(see Figure 4.6C). However, pre-immersion Cortisol levels were found to progressively
decrease during the acclimation protocol, possibly related to decreased anxiety prior to
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the trial due to increased familiarity with the testing procedures. Rochelle and Horvath
(1978) observed no differences in the plasma Cortisol concentrations between surfers
and non-surfers. However, during a 1-hr exposure in water at 19°C, Cortisol levels in
the non-surfers decreased, approximating changes in circadian rhythm, while the levels
in the surfers increased slightly. Rochelle and Horvath (1978) suggested the decrease
m a y have been due to a higher turnover and excretion rate of the hormone, rather than
insufficient stress imposed by the cold water, since Cortisol mobilises energy reserves
(Wilkerson et al., 1974). Accordingly, it was suggested that a higher Cortisol turnover
rate would result in greater mobilisation of energy reserves needed to support the
greater intensity of shivering in the non-surfing group. While this is possible in the
current investigation, it is perhaps more probable that the high baseline levels observed
were the likely cause.

4.2.2 Conclusions

This study was the first to quantify the whole-body fluid response to repeated
cold-water immersions, and to serially measure plasma constituents throughout each
comparison trial as the cold-water acclimation protocol progressed.

The fifth

hypothesis can be accepted; that plasma aldosterone concentration decreased and A N P
increased during the initial stages of the repeated cold-water immersion protocol. A s
discussed in detail in Chapter Three, the primary thermoregulatory finding was for an
habituated oxygen consumption response following acclimation. The data from this
analysis have shown that a 15-d repeated cold-water immersion protocol producing such
an adaptation, did not result in any significantly measurable changes in body-fluid
distribution

or alterations in plasma

osmolality, electrolytes, or

hormonal

concentrations, at rest or during exercise across the C W S T days. Accordingly, the
sixth hypothesis that the reduction and elevation in plasma aldosterone and A N P
concentrations, respectively, would be more pronounced following acclimation was not
supported. Furthermore, the seventh hypothesis that repeated cold-water immersions
would produce greater reductions in P V and IFV, and ultimately, reduced T B W , could
not supported from the current data.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH
Human thermoregulation relies heavily on the control of body fluids, providing
cooling through evaporation, and both cooling and warming through circulatory heat
transfer. Accordingly, the volume and distribution of body fluid are sensitive to
thermal influence through alterations in hydrostatic, osmotic and oncotic pressures.
However, data regarding the effects of environmental exposure on human body-fluid
volumes have been primarily concerned with heat and altitude (Senay et al, 1976;
Surks et al, 1968), with little consideration for cold exposure. The few investigations
cited have been performed in both air and water environments, and focus upon the
intravascular space. However, immersion in water induces an hydrostatic pressure,
causing redistribution of blood from the lower portions of the body into the
intrathoracic circulation (Arborelius et al, 1972; Greenleaf, 1984), and the
differentiation between the effects on body-fluid distribution due to immersion and cold
has been unclear. Furthermore, the impact of adaptation to cold-water immersion on
body-fluid regulation has been largely unexplored.

N o attempt has been made

previously to quantify all body-fluid compartments, and little is k n o w n about fluidregulatory hormones, or the serial responses of plasma osmolality, protein or electrolyte
concentrations during such exposures. Hence, it was the purpose of this investigation
to examine the compartmental distribution of body fluids and changes in plasma
constituents to determine the mechanisms which account for potential changes in fluid
volumes at rest, and exercise, during both acute warm- and cold-water immersion, and
then as a result of repeated cold-water immersion.

The purpose of the first study was to quantify serial changes in body-fluid
compartments and plasma constituents during acute warm- and cold-water immersion
and, as a result, distinguished between the hydrostatic and thermal effects of cold-water
immersion at rest and during exercise. While the warm-water stress test ( W W S T ) did
not perturb thermal homeostasis, the cold-water stress test ( C W S T ) produced elevated
thermoregulatory strain, as shown by marked reductions in core and skin temperatures
and increased oxygen consumption. Generally, the W W S T produced an hydrostaticallyPage 227

induced haemodilution, which appeared to be due to an influx of fluid from the
intracellular water ( I C W ) , since the extracellular fluid volume ( E C F V ) increased in
conjunction with the plasma volume (PV) increase. In contrast, the increased vascular
volume observed during the resting phase of the W W S T was absent in the C W S T ,
suggesting the difference in thermal stress between the resting C W S T and W W S T
conditions was responsible for preventing the haemodilution. This change m a y have
been countered in the C W S T by a generalised peripheral venoconstriction, causing an
increase in capillary hydrostatic pressure and favouring netfiltrationfrom the vascular
space.

Furthermore, the unchanged plasma atrial natriuretic peptide ( A N P )

concentration during the W W S T suggested the increase during the C W S T was in
response to the cold temperature, rather than the hydrostatic effects of immersion. The
A N P response to cold-water exposure has not been shown previously in humans.
During exercise, the elevated P V observed in the resting phase of the W W S T subsided,
and while the destination of this iso-osmotic fluid efflux from the intravascular space
remains speculative, it was probably associated with a diuretic, rather than an exercise
effect. Moreover, the decrease in P V observed during the exercise phase of the C W S T
was only from pre-immersion baseline levels, and was therefore the result of a
combination of immersion duration and exercise, with this fluid probably entering the
urine volume. In conclusion, body-fluid regulation during acute cold-water immersion
is determined by the interaction of hydrostatic and thermally- mediated forces, with the
former

inducing

short-term

haemodilution

and

the latter tending

towards

haemoconcentration.

The second study focused upon the thermoregulatory response patterns to coldwater acclimation using C W S T s , and addressed key gaps in our understanding of coldwater adaptation relating specifically to change dynamics and individual responses. The
principle observation was an habituated-thermogenic response during the resting phase
of thefinalC W S T . However, this response was not accompanied by a greater fall in
core temperature (T c ), and the extremities were less perfused over the resting phase of
the trials, suggesting the possibility of an insulative component. Indeed, five of the
seven subjects showed insulative tendencies following acclimation. The dampened
thermogenic response m a y have served a protective function for T c , since a slight
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elevation in shivering could actually have facilitated heat loss (through disturbance of
the boundary layer) more so than it elevated heat production.

Alternatively, the

habituation observed possibly represented the response at a particular time point on a
continuum for more complete cold adaptation, with greater insulation becoming more
apparent had the repeated cold-water immersion protocol been longer. However, the
adaptation response was absent during the exercise phase, with thermogenesis being
insufficient to offset the combined effects of cold water and the accelerated heat loss
accompanying exercise-induced boundary layer disturbances.

In conclusion, this

investigation showed that repeated, resting cold-water immersions produced a
thermogenic habituation response during rest, but did not enhance thermal tolerance
during low-intensity exercise, where heat production was minimal.

The purpose of the third study was to quantify changes in all body-fluid
compartments and to determine the source and destination of possible fluid movements
resulting from repeated resting cold-water immersions.

With the concurrent

measurement of plasma electrolytes, protein, osmolality, and fluid regulatory hormones,
the study attempted to consolidate the possible mechanisms for fluid shifts during both
rest and exercise phases of such immersions. This study was thefirstto quantify the
whole-body fluid response to repeated cold-water immersions, and to serially measure
plasma constituents throughout comparison trials as the cold-water acclimation
progressed. While there was a trend for reduction in pre-immersion T B W , and an
attenuation in the P V decrease following acclimation, the habituated-thermogenic
response observed as a result of the 15-d repeated cold-water immersion protocol failed
to show significant changes in body-fluid distribution.

Finally, there were no

alterations in plasma osmolality, electrolytes or hormonal concentrations, at rest or
during exercise as a result of the acclimation.

5.1 CONCLUSIONS

From these data findings the following conclusions may be drawn. First, acute
warm-water immersion induced an hydrostatically-mediated increase in the intravascular
compartment, whereby the I C W provided the fluid source. While this observation is
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not unique, acute cold-water immersion countered the hydrostatically-mediated
haemodilution, possibly through thermally-induced venoconstriction.

Furthermore,

although previous investigations have reported an increase in plasma A N P concentration
during acute warm-water immersion, the current study was the first to show that
increases during acute cold-water immersion arise from the thermal stress, rather than
hydrostatic effects. Following on from the acute responses, repeated resting cold-water
immersion produced an habituated-thermogenic response during rest, but did not
increase thermal tolerance during exercise. While this response has been demonstrated
previously, it was accompanied by maintenance of T c . Notwithstanding, the habituation
did not produce any significant alterations in the acute body-fluid or plasma constituent
responses to cold-water immersion.

5.2 FUTURE RESEARCH
Further investigation is needed regarding the physiological responses to repeated
cold-water immersions. While it is recognised that thermal adaptation m a y result in a
metabolic, hypothermic, insulative, or combination of these responses, investigators
have been unsuccessful to date in identifying the mechanism for a particular adaptive
response, or the actual reason w h y each might occur. The critical design points to
consider in future studies include the magnitude of the stress, test duration, frequency
of measurement days, and the indices used to quantify strain.

Since individual

characteristics, which m a y predispose to a particular form of adaptation, have not been
identified, it m a y be useful to select subject groups that m a y help tease out such
characteristics. For instance, groups could be chosen on the basis of physical fitness,
body morphology, gender, ethnicity or age to determine potential adaptive differences.
Furthermore, these studies should incorporate separate rest and exercise trials to allow
clearer comparisons, particularly to remove the influence of a resting immersed period
prior to the exercise phase.

In terms of body-fluid measures, future immersion studies should attempt to
measure P V continously, using blood densitometry (Hinghofer-Szalkay and Greenleaf,
1987). During the current study, w e had planned to measure P V using radioiodinated
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serum fibrinogen. However, it is from a human source and although stringently tested,
is not guaranteed to be free of impurities, thus preventing it from being ethically viable
to inject into h u m a n subjects. Furthermore, radioiodinated serum albumin falls under
a similar category. Since radioiodinated serum fibrinogen would be an appropriate
marker, attempts to develop this technique should be encouraged. Without direct
determination of P V , the potential changes in the F-cell ratio, which provides an
indication of erythrocyte distribution between the large and small vessels of the body,
remain unknown during water immersion at any temperature. Research is needed to
determine the effect of immersion on the F-cell ratio, since increases or decreases in
this ratio m a y lead to biased estimations of the magnitude of change in the intravascular
compartment.

Further studies may also benefit from the inclusion of a control study in a
thermoneutral air temperature to determine the short-term response characteristics of
the sodium-radiobromide tracer in the determination of E C F V .

Since a control

experiment in air was not performed in the present investigation, there can be no
certainty as to acute changes in E C F V simply as a function of time. The study by Miki
et al. (1987) was bound by a similar constraint. It is suggested, however, that an
alternative tracer such as radiochromated ethylenediamine tetra-acetic acid be used for
ECFV

determination due to the expense and very short half-life of sodium-

radiobromide. T h e half-life of 35.5 hr, in particular, places heavy constraints on the
protocol, and leaves very little room for flexibility.

Ultimately, it would be beneficial and more accurate to obtain urine samples
each time a blood sample is taken for the measurement of body fluids. This would
allow the exact amount of tracer that enters the urine volume to be subtracted from the
amount left in each respective compartment during volume determination. However,
this m a y be difficult since subjects in the present study were unable to produce a sample
at the end of the 60-min immersion period in any trial using the condom-catheter
system. It is suggested that consideration be given to solving this problem. While
allowing the subjects to stand could alleviate this problem, fluid equilibration m a y be
influenced by postural changes. In future studies, samples should be taken from urine
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for measurement of osmolality and electrolyte concentrations. Such data will provide
more information regarding body-fluid regulation in the immersion environment.
Further w o r k would also benefit from data collection during a recovery period
following immersion, since this information is virtually non-existent and would help
isolate potential mechanisms for changes that occur during immersion.
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APPENDIX A: RADIONUCLIDE METHODS
The method used for the determination of body-fluid volumes was essentially
that described previously (Spears et al., 191A), and was based on the dilution principle
for volume measurement, whereby an unknown volume is determined by comparing the
volume and concentration of a known tracer, with its subsequent concentration in the
unknown space. The present investigation used slightly modified procedures to those
used by M a w (1994) for radionuclide preparation, which were taken from Spears et al.
(1974).

Tritiated water ( 3 H 2 0), sodium-radiobromide (Na 82 Br), and sodium-

radiochromate (Na 51 Cr) were used to measure total body water, the extracellular space,
and the red cell volume respectively.

The combined dose from each trial was

approximately half that imposed by typical bone, brain or testicular scans (Carrey et
al, 1983). This would be classed as a moderate x-ray dose, and represents between
1 and 4 % of a genetically significant dose (International Commission on Radiological
Protection, 1970). The dose received by organs critically targeted by tritium (body
water), bromine (thyroid), and chromium (spleen) was less than one-tenth that imposed
by specific thyroid or spleen studies (Carey et al, 1983).
Reagents and Equipment
1. Tritiated water ^ H j O ) for injection; T R S 3 , Amersham Australia, 5 mCiml" 1 . Must
be ordered by midday Thursday for delivery the following Tuesday (Half Life:
approximately 12 yr).
2. Sodium-radiobromide (Na82Br) for injection; B R 2 M 2 , Australian Radioisotopes,
l.OSmCiml" 1 . Must be ordered in advance due to necessary preparatory time
in a reactor; be sure to check reactor shutdown dates which occur for 4 d per
month (Half Life: 35.5 hr). Note that Na 82 Br can only be delivered for use on
the day of calibration due to its short half life.
3. Sodium-radiochromate (Na 51 Cr) for injection; C R 1 M 4 , Australian Radioisotopes,
100/iCiml"1. Batches are made and calibrated for thefirstday of every month
and can be ordered for next day delivery (Half Life: 27.7 d).
4. Liquid Scintillation cocktail suitable for human serum (Starscint™, Packard
Instrument Company, Canberra, Australia).
5. O n e Molar hydrochloric acid (HC1: B D H , Merck Pty. Ltd., Kilsyth, Victoria).
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6. Saponin powder ( B D H , Merck Pty. Ltd., Kilsyth, Victoria).
7. O n e hundred ml vials of sterile saline (1 per week for Na 82 Br; 1 per 6 weeks for
3

H20).

8. Sterile saline (Sodium Chloride Injection B P 0.9%).
9. Distilled water.
10. Well-type g a m m a (7) counter, calibrated and normalised for radiobromide (82Br)
and radiochromate (51Cr) (Wallac 1480, W I Z A R D ™ 3 " G a m m a Counter, Turku,
Finland).
11. Liquid scintillation beta (j8) counter, calibrated for tritium (3H) (Wallac 1409,
Wallac S Y S T E M 1 4 0 0 ™ series of D S A liquid scintillation counters, Turku,
Finland).
12. Scientific electronic balance, with precision of 0.0001 g (ER-182A Electronic
Balance, A & D Co. Ltd., Tokyo, Japan).
13. Centrifuge capable of generating 1700 g (the centrifugal force is calculated from
the speed and diameter of the centrifuge).
14. Calibrated autopipette with tips.
15. Safe working cabinet (Grade II safety cabinet: laminar flow with sample and
operator protection).
16. Calibrated 500 ml glass flasks (2 per trial).
17. Calibrated 250 ml glass flasks (1 per trial).
18. Pasteur pipettes (14 c m ) .
19. Sterile McCartney bottles (Wide, 1 oz), prepared with 2 ml of citrate-phosphatedextrose-adenine solution (Laboratory Supplies Pty. Ltd., Wollongong,
Australia).
20. 28 * 5 ml plastic tubes with caps, suitable for 7 counting (Disposable Products,
South Australia, Australia).
21. 14 glass vials (20 ml) with caps, suitable for B counting (Crown Scientific, Sydney,
Australia).
22. 20 ml syringe.
23. 21 gauge butterfly needle.
24. 10 ml syringes.
25. 5 ml syringes.
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26. 2 ml primo syringes.
27. 18 gauge drawing up needles.
28. Mixing cannulas.
29. Graduated 1 ml syringes with needles (insulin syringe).
30. 21 gauge teflon cannula and extension tube.
31. Monovettes.
32. Urine specimen jars.
Preparations
Apart from radiochromate, both tritiated water and radiobromide were
commercially prepared in concentrated form. A s a result, both isotopes required
dilution with isotonic saline prior to the testing period to be able to extract an accurate
dose, with this procedure being performed upon receipt of the order. O n testing days,
background blood and urine samples were obtained prior to radionuclide administration,
which is vital to calculation of the respective volume, especially when radioisotopes are
administered over a relative short period of time, as in the present investigation.
Furthermore, approximately half the background blood sample was required to perform
autologous red blood cell labelling.
Tritiated water
Total body water was measured using 150 jttCi of3 H 2 0 on day 1 and day 8, and
200 /iCi on day 15 (this was to allow for increased background radiation from previous
doses). The 3 H 2 0 was diluted to a concentration of 50 /iCi-ml1 as follows:
1. Calculation: 3 H 2 0 = 5 m C i m l 1 = 5000 /xCiml1. Therefore, 5000/100 = 50
u-Ci-ml1.
2. R e m o v e 1 ml from a 100 ml vial of sterile saline.
3. A d d 1 ml (whole contents) of 3 H 2 0 to the saline vial and mix thoroughly.
Sodium radiobromine
Extracellular water was measured using 20 fxCi of Na 82 Br. The Na 82 Br was
diluted to a concentration of 10.8 jiiCi-ml"1 as follows:
1. Calculation: Na 82 Br = 1.08 mCiml" 1 = 1080 /xCiml"1. Therefore, 1080/100 =
10.8 /aCiml 1 .
2. R e m o v e 1 ml from a 100 ml vial of sterile saline.
3. A d d 1 ml of Na 82 Br to the saline vial and mix thoroughly.
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Background and labelling samples
1. Collect 20 ml of blood from the subject in a syringe.
2. Dispense 10 ml of this blood into a tube treated with ethylenediamine tetra-acetic
acid ( E D T A : 1.8 mg-ml 1 of blood), to use as a background reference during
radioactivity counting.
3. Dispense the remaining 10 ml into the sterile McCartney bottle treated with 1 0 %
citrate phosphate dextrose adenine solution (CPD-A; 2 ml), for preparation of
the Na 5 1 Cr injection.
4. Centrifuge the McCartney bottle for 10 min at 1700 g and subsequently remove the
plasma, leaving the erythrocytes for Na 5 1 Cr labelling.
5. Collect a urine sample from the subject, to use as a background reference during
radioactivity counting.
Sodium radiochromate and erythrocyte labelling
Erythrocyte volume was measured using 5 ixd of Na 5 1 Cr on day 1 and 8, and
8 fid on day 15, tagged to autologous erythrocytes. Since Na 5 1 Cr can be purchased
in a concentration of relatively low radioactivity, and can be drawn into a syringe
accurately, dilution with isotonic saline was not required prior to administration.
1. A d d approximately 0.05 ml (0.08 ml on day 15) of the Na 5 1 Cr nuclide to the
erythrocytes in the McCartney bottle and mix gently. Note that this volume is
for the day of product reference and will need to be corrected as the nuclide
decays1.
2. Incubate the mixture at room temperature for 30 min, to allow secure labelling of
the cells.
3. W a s h the mixture three times with sterile saline, centrifuging for 10 min at 1700 g
each time.
4. Reconstitute the preparation with sterile saline to an haematocrit of approximately
50%.

•To correct for nuclide decay use the equation A = A 0 / 2a; where A 0 = activity
on the day of product reference,n = days following the initial product reference divided
by the half life of the isotope (51Cr half life = 27.7 d). eg. the amount of 51 Cr activity
10 d following the product reference date = 100 ^Ci-ml / 2 (10/277) = 77.86 /xCiml"1.
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Preparation of injections and standards
1. D r a w approximately 3.1 m l (4.1 ml on day 15 to allow for background radiation) of
the3 H preparation into a sterile syringe and record the mass of thefilledsyringe
to a precision of 0.0001 g.
2. Dilute approximately 0.1 ml from the syringe to 500 ml by volume in distilled
water, from which to prepare the 3 H standard. Record the new mass of the
syringe and determine the exact dilution by subtraction from the previous mass.
3. D r a w approximately 2.1 ml 2 of the 82Br preparation into a sterile syringe and record
the mass of thefilledsyringe.
4. Dilute approximately 0.1 ml 2 from the 82Br syringe to a total volume of 500 ml by
volume in distilled water, from which to prepare the 82Br standard. Record the
n e w mass of the syringe and determine the exact dilution by subtraction, as
above.
5. D r a w the entire contents of the 51Cr-labelled erythrocyte mixture into a sterile
syringe and record the mass of the filled syringe.
6. Dilute approximately 0.5 ml from the syringe to a total of 250 ml in distilled water,
from which to prepare the 51 Cr standard. Record the new mass of the syringe
and determine the exact dilution by subtraction, as above.
Inj ection/Ingestion
The 3 H is given orally 45 min after arrival at the laboratory and requires a 4 hr
equilibration time. Both 51 Cr and 82Br are given through the indwelling catheter in
sequence, 1 hr following the 3 H ingestion. Record the mid-time of each isotope
administration. Following infusion, thoroughly flush the indwelling needle with sterile
saline. Record the n e w masses of the three emptied syringes to a precision of 0.0001
g, and determine the exact volumes of the injections by subtraction of the respective
previous masses.
Sampling and handling
Collect blood samples into pre-treated tubes (Potassium-EDTA 1.6 mg-ml"1 of
blood) 30, 60, and 180 min after the noted start-time. See the table following, which

2

The figure listed here is for the day of product reference. O n the second day a
dose of 3 ml, plus 0.15 ml for the standard, will be required, increasing to 5 plus 0.25
ml and 8 plus 0.4 ml, on the third and forth days respectively.
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shows the sampling volumes for all blood variables.

Collect a urine sample

immediately after the 180 min blood sample; the subject should fully void. Measure
the volume of urine and retain a sample for radioactivity counting.
1. Centrifuge all blood samples for 40 min 3 at 1700 g.
2. Dispense exactly 1 ml of plasma from the samples in to separate plastic tubes and
cap.
3. R e m o v e the remaining plasma and buffy coat (white blood cells between the red
blood cells and the plasma) from the samples.
4. Dispense 1 ml of erythrocytes from the samples to the saponin laced tubes (3 drops
of saponin to each sample tube) and agitate gently; cap and set aside.
5. Dispense exactly 1 ml of the urine samples into tubes.
6. T w o weeks following sample collection and the counting of 82Br, dispense 0.5 ml of
the plasma from the 1 ml in the g a m m a tubes into 20 ml labelled glass vials for
preparation for 3 H counting.
7. A d d 50 /xl of H C 1 to each glass vial and vortex to mix, including standards and
backgrounds (see below) and urine, as a tissue solubiliser, followed by 10 ml
of the liquid scintillation cocktail; cap and vortex.
Standard and background sample storage
Following dilution of 3 H , 82Br, and

51

Cr in the standard volumes of distilled

water, during preparation of the isotopes for administration, a small proportion of each
volume is extracted for radioactive counting. These samples are stored and counted
with each respective isotope for the determination of fluid volumes.
1. Dispense exactly 1 ml from each of the diluted 3 H , 82Br, and 51 Cr flasks into separate
labelled plastic tubes; cap and set aside.
2. Dispense exactly 1 ml of the original urine sample into a labelled plastic tube, and
0.5 ml in to a plastic vial, to use as background references during radioactivity
counting.
3. T w o weeks following the counting of 82Br, remove 0.5 ml of plasma or urine from
the respective g a m m a tube samples and dispense into 20 ml glass vials for 3 H

3
3i

Forty min is recommended in order to reduce trapped plasma to an absolute
m i n i m u m (approximately 2 % ) , and hence leave the erythrocytes free from extracellular
82
Br.
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counting preparation as described above.
Radioactivity Counting
The counting process makes allowance for the multiple interactions that occur
between the nuclides in thefirstfew days. Ten days after the reference date, only
0.97% of the original 82 Br activity will be remaining, diminishing to 0.38% after 12 d
and 0.14% after 14 d, due to its half life of 36.5 h (International Commission of
Radiological Protection, 1968). Therefore, counting of 3 H and 51 Cr is delayed until
approximately 2 weeks after the 82Br reference date.
1. Count all plastic tubes (plasma and red blood cells) in the 82Br channel of the ycounter, on the day of sampling, for 10 min per tube. The aim is to get twice
the background and/or 10,000 counts.
2. Refrigerate all tubes at 4 °C for approximately 14 d.
3. Count all standards, backgrounds, and erythrocyte tubes in the 51 Cr channel for 10
min per tube.
4. Count all glass vials, including background, standard, and samples in the /3-counter
for 10 min per vial.
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Blood sampling volumes
T i m e (min)

Measurement

Amount (ml)

Tube type (ml)

Initial

Background/ 3l Cr labelling to red blood cells
Evans blue dye background

20
7.5

syringe (20)
Hep (7.5)

10

Evans blue dye

7.5

Hep (7.5)

20

Evans blue dye

7.5

Hep (7.5)

30

Evans blue dye

7.5

Hep (7.5)

30

isotopes
Hct/[Hb]

4
2

E D T A (10)
E D T A (2.7)

60

isotopes
Hct/[Hb]

4
2

E D T A (10)
E D T A (2.7)

180

isotopes
ANP
Hct/[Hb]
aldosterone, Cortisol, electrolytes, osmolality, protein

9
2
2
4

E D T A (10)
E D T A (2.7)
E D T A (2.7)
Hep (7.5)

5

isotopes
Hct/[Hb]
electrolytes, osmolality, protein

4
2
3

E D T A (10)
E D T A (2.7)
Hep (7.5)

15

isotopes
ANP
Hct/[Hb]
electrolytes, osmolality, protein

9
2
2
4

E D T A (10)
E D T A (2.7)
E D T A (2.7)
Hep (7.5)

25

isotopes
ANP
Hct/[Hb]
aldosterone, electrolytes, osmolality, protein

9
2
2
4

E D T A (10)
E D T A (2.7)
E D T A (2.7)
Hep (7.5)

45

isotopes
Hct/[Hb]
electrolytes, osmolality, protein

4
2
3

E D T A (10)
E D T A (2.7)
Hep (7.5)

59

isotopes
ANP
Hct/[Hb]
aldosterone, Cortisol, electrolytes, osmolality, protein

9
2
2
4

E D T A (10)
E D T A (2.7)
E D T A (2.7)
Hep (7.5)

65

isotopes
Hct/[Hb]
electrolytes, osmolality, protein

4
2
3

E D T A (10)
E D T A (2.7)
Hep (7.5)

75

isotopes
Hct/[Hb]
electrolytes, osmolality, protein

4
2
3

E D T A (10)
E D T A (2.7)
Hep (7.5)

89

isotopes
ANP
Hct/[Hb]
aldosterone, Cortisol, electrolytes, osmolality, protein

9
2
2
4

E D T A (10)
E D T A (2.7)
E D T A (2.7)
Hep (7.5)

Baseline

Immersion

M
Abbreviations: C r (radiochromate), Hct (haematocrit), [Hb] (haemoglobi n concentratkm ) , A N P (atria
natriuretc peptide), H e p (Lithium-Heparin 15 L U . Heparin-ml"1 of blood), E D T A (Potassiumethylenediamine tetra-acetic acid 1.6 mg-ml"1 of blood).
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Sample volumes for analysis and storage
Blood and plasma samples were stored in 1.5 ml tubes, pending analysis, in
volumes sufficient for duplicate determination of the respective variables. The general
rule was to store 5 0 % more than that required for one duplicate sample. Haematocrit
was an exception, and analysis was performed the same day as sample collection. All
samples were frozen upright in a -20°C freezer and then bagged for further storage.
Once frozen, atrial natriuretic peptide was moved to a -70°C freezer for storage.
1. Atrial natriuretic peptide ( E D T A 1.6 mg-ml"1 of blood treated with aprotinin 500
I.U.-ml1): 1100 uL volume stored at -70°C.
2. Plasma aldosterone (Lithium-Heparin 15 L U . Heparin-ml1 of blood): 500 uL
volume stored at -20°C.
3. Cortisol (Lithium-Heparin 15 L U . Heparin m l 1 of blood): 100 fxL volume stored at
-20°C.
4. Plasma sodium and potassium (Lithium-Heparin 15 L U . Heparin-ml1 of blood): 500
fiL volume stored at -20°C.
5. Osmolality (Lithium-Heparin 15 L U . Heparin-ml1 of blood): 50 /xL volume stored
at -20°C.
6. Plasma protein and Chloride (Lithium-Heparin 15 L U . Heparin-ml1 of blood): 300
j*L volume stored at -20°C.
Isotope volumes
Since isotope administration was performed serially, within the time frame for
complete biological decay, it was necessary to increase the isotope dose on subsequent
days to ensure that radioactive sample counts were above those of the background for
calculation of the respective fluid volumes.
Day 1
Injection
1. 51 Cr: 5 jiCi (see table following for half life corrections).
2. 3 H : 3 ml of the saline cocktail.
3.82Br: (2, 3, 5 and 8 ml of the saline cocktail, on Tuesday, Wednesday, Thursday and
Friday respectively).
Standard
51

1. Cr: 0.5 ml of the saline cocktail into 250 ml volumetric flask.
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2. 3 H : 0.1 ml of the saline cocktail into 500 ml volumetric flask.
3. 82Br: (0.1, 0.15, 0.25, 0.4 ml of the saline cocktail into 500 ml, on Tuesday,
Wednesday, Thursday and Friday respectively).
Day 8
Injection
1. 51Cr: 5 /xCi (see table following for half life corrections).
2. 3 H : 3 ml of the saline cocktail.
3.82Br: (2, 3, 5 and 8 ml of the saline cocktail, on Tuesday, Wednesday, Thursday and
Friday respectively).
Standard
1. 51 Cr: 0.5 ml of the saline cocktail into 250 ml volumetric flask.
2. 3 H : 0.1 ml of the saline cocktail into 500 ml volumetric flask.
3. 82Br: (0.1, 0.15, 0.25, 0.4 ml of the saline cocktail into 500 ml, on Tuesday,
Wednesday, Thursday and Friday respectively).
D a y 15
Injection
1. 51Cr: 8 /xCi (see table following for half life corrections).
2. 3 H : 4 ml of the saline cocktail.
3.82Br: (2, 3, 5 and 8 ml of the saline cocktail, on Tuesday, Wednesday, Thursday and
Friday respectively).
Standard
1. 51Cr: 0.5 ml of the saline cocktail into 250 ml volumetric flask.
2. 3 H : 0.1 ml of the saline cocktail into 500 ml volumetric flask.
3. 82Br: (0.1, 0.15, 0.25, 0.4 ml of the saline cocktail into 500 ml, on Tuesday,
Wednesday, Thursday and Friday respectively).
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Sodium radiochromate half life corrections
Day

Activity

5/*Ci (ml)

8j.Ci (ml)

1

97.5287

0.0513

0.0820

2

95.1185

0.0526

0.0841

3

92.7678

0.0539

0.0862

4

90.4753

0.0553

0.0884

5

88.2394

0.0567

0.0907

6

86.0587

0.0581

0.0930

7

83.9320

0.0596

0.0953

8

81.8578

0.0611

0.0977

9

79.8348

0.0626

0.1002

10

77.8619

0.0642

0.1027

11

75.9377

0.0658

0.1053

12

74.0611

0.0675

0.1080

13

72.2308

0.0692

0.1108

14

70.4458

0.0710

0.1136

15

68.7048

0.0728

0.1164

16

67.007

0.0746

0.1194

17

65.3510

0.0765

0.1224

IS

63.7360

0.0784

0.1255

19

62.1609

0.0804

0.1287

20

60.6247

0.0825

0.1320

21

59.1265

0.0846

0.1353

22

57.6653

0.0867

0.1387

23

56.2403

0.0889

0.1422

24

54.8504

0.0912

0.1459

25

53.4949

0.0935

0.1495

26

52.1729

0.0958

0.1533

27

50.8835

0.0983

0.1572

28

49.6261

0.1008

0.1612

29

48.3997

0.1033

0.1653

30

47.2036

0.1059

0.1695

31

46.0370

0.1086

0.1738
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APPENDIX B: LOWRY METHOD OF PROTEIN DETERMINATION
Plasma protein concentration was determined using the method of Lowry et al.
(1951), whereby plasma proteins were measured with the Folin phenol reagent after
alkaline copper treatment.
Reagents
All chemicals were analytical grade and purchased from B D H , Merck Pty. Ltd.,
Kilsyth, Victoria.
1. Reagent A: 2 % N a 2 C 0 3 in 0.1M N a O H (20 g Na 2 C0 3 ; 4 g N a O H to 1 liter of
distilled water).
2. Reagent B: 0.5% CuS0 4 . 5 H 2 0 in 1 % Sodium or Potassium Tartrate (Sodium or
Potassium Tartrate 1 % = 1 g-100 ml 1 ; 0.5% CuS0 4 . 5 H 2 0 = 0.5 g-100 ml 1 ).
Mixed just prior to each analysis.
3. Reagent C: Mix 50A + 1 B (ie. 100 ml A + 2 ml B).
4. Reagent D: Folins and Ciocalteaus Phenol Reagent (Dilute 1:1 with distilled water;
ie. 5 ml Folins + 5 ml H 2 0 = 10 ml D ) . Mixed just prior to each analysis.
5. B S A Standard (albumin, bovine) 1 mg/ml ie. 0.1 g/100 ml. Make up batch and
store as 2 ml aliquots in the freezer.
Equipment
1. 5 ml test tubes.
2. Test tube racks.
3. 100-1000 \LL autopipette and disposable tips.
4. Multipipette with 500 uL and 250 /xL dispensers.
5. 5 ml autopipette with reusable tip.
6. Beakers (100 and 200 ml).
7. Measuring cylinders (100 and 500 ml).
8. Vortex ( S V M 1 , Selby Vortex Mixer).
9. 1.5 ml cuvettes (Dispolab Kartell 1938 PS Microcuvettes).
10. Spectrophotometer (Shimadzu UV-1601, UV-visible spectrophotometer, Japan).
Procedure
Diluted duplicate plasma samples and standard protein samples were added tc
tubes and made up to 200 yL with distilled water, followed by 2.5 ml of 100 ml 2 %
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N a 2 C 0 3 in 0.1M N a O H added to 2 ml C u S 0 4 and Sodium Tartrate. Following mixing
and a 10-min period, 250 uh of Folins solution (50% Folins to 5 0 % distilled water)
was then added to all tubes, mixed and allowed to stand for 30 min to allow the colour
to develop.
1. T h a w standard protein at room temperature.
2. Set up zero, calibration and sample tubes and cuvettes
Zero: 4 * 200 /xL distilled water
Calibration standards:
2 * 20 /xL protein (then add 180 itL of distilled water)
2 * 50 /xL protein (then add 150 itL of distilled water)
2 * 100 ixL protein (then add 100 /xL of distilled water)
2 * 200 /xL protein.
3. Dilute plasma samples in 5 ml test tubes
The concentration of protein in plasma is quite high (8 g-dl'1 of protein = 8
g-dl"1 = 0 . 8 g-10 m l 1 = 0.08 g-1 ml"1 = 80 mg-ml 1 ), and if left in this concentration,
it would be difficult to pipette out an accurate amount ie. 2 /xL sample. Therefore:
Dilute 1 in 20
50 ulu of plasma in 950 fiL of Reagent A.
4. Pipette 2*20 /xL of diluted samples to respective tubes (duplicates for each sample).
5. M a k e up each tube to 200 itL with distilled water (180 /xL to each tube).
6. M a k e up Reagent B: 1 ml C u S 0 4 + 1 ml Sodium Tartrate (swirl in beaker to mix).
7. M a k e up Reagent C: 100 ml of Reagent A to 2 ml of Reagent B.
8. A d d 2.5 ml of Reagent C to every tube and vortex to mix.
9. Let tubes stand for 10 min.
10. M a k e up Folins solution: 5 0 % Folins to 5 0 % distilled water.
11. A d d 0.25 ml (250 /xL) to all tubes and vortex to mix.
12. Let tubes stand for 30 min to allow colour to develop.
13. Transfer all blanks, calibration standards and samples to cuvettes (1 ml required for
analysis).
Using the Spectrophotometer
Determination of plasma protein was achieved by measuring the absorbance of
the colour developed during the preparation phase. Initially, the four standard protein
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samples were analysed at 750 n m on a spectrophotometer (Shimadzu UV-1601, U V visible spectrophotometer, Japan) to develop a standard curve.

Plasma protein

concentration was then determined directly, using the quantitation function on the
spectrophotometer which converted absorbance to a concentration using the coefficients
of the standard curve.
1. Turn Spectrophotometer on 30 min before use.
2. Choose 3. Quantitation.
3. Goto wavelength: set to 750nm.
4. Choose option 2. Method: Multipoint (Stds 4, Order 2, Duplicates).
5. Press start.
6. Enter standard concentrations of protein (20, 50, 100, 200).
7. Place 2 blanks in the spectrophotometer and press autozero; check other blanks.
8. Enter all standards in duplicate and in sequence.
9. Print standard calibration curve and equation.
10. F3: Sample measure.
11. Read samples through in duplicate and print out results.
Solution requirements for analysis per subject
1. 1 subject/ 4 trials/ 9 samples per trial: 36 samples * 2 (duplicates); 72 samples (+
12 for standards and blanks); 84 samples total.
2. Reagent C: 84 * 2.5 ml = 210 ml (300 ml Reagent A to 6 ml Reagent B)
3. Reagent D: 84 * 0.25 ml = 21 ml (12 ml Folins to 12 ml distilled water)
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APPENDIX C: FLAME PHOTOMETER ANALYSIS
Analysis of plasma sodium and potassium concentration is based on the principle
of flame photometry where metal ions in solution are aspirated into a low-temperature
flame, exciting the electrons of the ion to higher energy states. The loss of this
excitation energy, when the electrons return to the ground state causes the emission of
a discrete wavelength of visible light. A particular light wavelength can be isolated
from other wavelengths of light by an optical filter, with the amount of light emitted
detected with a photodetector. The amount of light emitted is proportional to the
number of ions in the flame, and hence the number of ions in solution.
Reagents and equipment
1. Flame photometer (Corning M 4 1 0 , Ciba Corning Diagnostics Scientific Instruments,
Essex, England).
2. Regulated gas supply.
3. Mains regulated air supply.
4. Stock standard solutions (40 m M sodium chloride and potassium chloride (Analytical
grade: B D H , Merck Pty. Ltd., Kilsyth, Victoria)).
5. Autopipettes and tips (5 ml, 1 ml, and 0.1 ml).
6. Measuring cylinders (50 ml, 100 ml).
7. 70 ml plastic jars for standards and blank.
8. 5 m l g a m m a tubes for sample dilution (Disposable Products, South Australia,
Australia).
9. Tube rack.
10. Distilled water.
11. Vortex ( S V M 1 , Selby Vortex Mixer).
12. Electronic balance (precision to 0.0001 g).
Preparation for Analysis
Standard preparation
Sodium
1. Sodium concentration in plasma is approximately 144 mmol-1"1, therefore use a 1:10
dilution.
2. 200 /xL of sample in 2 ml total (ie. 200 /xL plasma to 1.8 ml of distilled water).
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This will give approximately 14.4mM (144/10).
3. Standards should encompass the expected ranges of sample concentrations, therefore
the standards for sodium chloride will be 5, 10, 15, and 20 m M .
4. A n initial standard stock of a high concentration should be made up first, and
subsequent standards for analysis made by dilution from the standard stock.
5. M a k e a 40 m M standard stock for sodium chloride in 100 ml of distilled water:
Molecular weight = 58.44
1 M = 58.44 mg-ml"1
1 m M = 0.05844 mg-ml"1
40 m M = 2.338 mg-ml 1
For 100 m l = 233.76 mg-100 m l 1 = 0.2337 g-100 ml 1 .
6. From the standard stock, make diluted standards of 60 ml total:
20 m M = 30 ml stock; 30 ml distilled water
15 m M = 22.5 ml stock; 37.5 ml distilled water
10 m M = 15 ml stock; 45 ml distilled water
5 m M = 7.5 ml stock; 52.5 ml distilled water.
Potassium
1. Potassium concentration in plasma is approximately 4 mmol-1"1, therefore use a 1:10
dilution.
2. 200 ixL of sample in 2 ml total (200 /xL plasma to 1.8 ml of distilled water). This
will give approximately 0.4 m M (4/10).
3. Standards should encompass the expected ranges of sample concentrations, therefore
the standards for potassium chloride will be 0.5, 0.1, 0.2, 0.33, 0.5, 0.75 m M .
4. A n initial standard stock of a high concentration should be made up first and
subsequent standards for analysis made by dilution from the standard stock.
5. M a k e a 40 m M standard stock for potassium chloride in 100 ml of distilled water:
Molecular weight = 75.55
1 M = 74.55 mg-ml"1
1 m M = 0.07455 mg-ml"1
40 m M = 2.982 mg-ml 1
For 100 m l = 298.2 mg-100 mVl = 0.2982 g-100 ml 1 .
6. From the standard stock, make diluted standards of 60 ml total:
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0.75 m M = 1.125 ml stock; 58.875 ml distilled water
0.5 m M = 0.75 ml stock; 59.25 ml distilled water
0.33 m M = 0.495 ml stock; 59.505 ml distilled water
0.2 m M = 0.3 ml stock; 59.7 ml distilled water
0.1 m M = 0.15 ml stock; 59.85 ml distilled water
0.05 m M = 0.075 ml stock; 59.925 ml distilled water.
Sample preparation
1. 1:10 dilution used for analysis of both sodium and potassium.
2. Dilute 200 /xL of plasma from each sample with 1.8 ml of distilled water in a 5 ml
test tube.
3. Duplicates for each sample.
4. Vortex to mix sample with water.
Measurement of samples
1. Turn Flame Photometer on at the power point, then turn on at the on/off switch at
the front of the machine. The air compressor is plugged directly into the
machine which will automatically start when the machine is turned on.
2. Check the air pressure is between 10 and 15 psi (gauge at back of machine), if not,
adjust to this pressure using the knob below the gauge. Turn off the machine
and wait 60 s before restarting.
3. After 60 s, turn the machine back on as well as the gas supply (open tap on gas
bottle). Check to see the flame is alight, if not, turn the machine off and start
again.
4. Once the machine is on, leave it for approximately 15 min aspirating deionised
water (Milli-Q Ultrapure water system) to equilibrate.
5. T o increase the sensitivity of the machine turn the air pressure up to 20 psi. This
will increase the rate of aspiration.
6. Adjust the blank dial to zero while the machine is aspirating deionised water.
7. T o measure sodium concentration in samples, set the filter selection device to Na.
This is the sliding switch at the front of the machine.
8. Place the highest sodium standard under the aspirator and adjust the sensitivity to a
value below the m a x i m u m absorbance (200 n m ) . For sodium the coarse
sensitivity setting is usually at the highest setting. The sensitivity can then be
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adjusted using the fine sensitivity dial.
9. Allow to return to zero while aspirating deionised water.
10. Measure standards by taking the peak absorbance reading while aspirating each
standard. T h e absorbance reading will increase rapidly when a solution is
placed under the aspirator and will reach a value, where it will hover before
decreasing again, this is the peak reading.
11. Aspirate with deionised water in between each one (even between duplicates).
12. Once standards have been recorded, measure sample concentrations (take peak
reading). B e careful not to aspirate the whole 2 ml, this volume is for both
sodium and potassium analysis.
13. T o measure potassium concentration in samples, set the filter selection device to K.
This is the sliding switch at the front of the machine. For potassium the coarse
sensitivity setting is usually at the middle setting. The sensitivity can then be
adjusted using the fine sensitivity dial.
14. Place the highest potassium standard under the aspirator and adjust the sensitivity
to a value below the m a x i m u m absorbance (200 n m ) . For potassium the coarse
sensitivity setting is usually at the highest setting. The sensitivity can than be
adjusted using the fine sensitivity dial.
15. Allow to return to zero while aspirating deionised water.
16. Measure standards by taking the peak reading while aspirating.
17. Aspirate with deionised water in between each sample.
18. Once standards have been recorded, measure sample concentrations (take peak
reading).
19. Aspirate with deionised water in between samples and duplicates.
20. T h e readings recorded will be an absorbance value which is converted to m M - L
using the calibration curve attained from standards.
21. Standards should be measured before and after reading samples and the average
taken to determine the calibration curve.
Constructing the calibration curve
1. Enter the k n o w n concentrations (mmol) of the standards into one column of a
spreadsheet program.
2. Enter the absorbance values (nm) obtained for each standard from the Flame
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photometer into the column next to the known concentration values.
3. Plot m M (x-axis) against absorbance (y-axis).
4. Compute the slope, intercept and fit of the line formed by these data points.
5. Produce equation: y = m x + b (where x=slope, b=intercept, m=absorbance value).
6. Absorbance values obtained for samples can then be converted to m m o H " 1 using the
relevant calibration equation.

Sodium and potassium concentrations are

expressed in meq-1"1, which requires no conversion from m m o H " 1 since the
valence is equal to one.
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A P P E N D D X D: E V A N ' S B L U E D Y E D I L U T I O N T E C H N I Q U E

The determination of plasma volume is based on the coupling of Evan's blue dye
to plasma albumin (Gregersen et al, 1935) and subsequently measured using a
spectrophotometer. Since the measurement of dye diluted in untreated plasma is liable
to errors caused by lipemia, or other interfering substances which absorb at the same
wavelength (615 n m ) , the technique had been improved by using a detergent to displace
the dye from albumin and a cellulose pulp matrix to absorb unbound dye (Allen, 1951;
Campbell et al., 1958). The present study used the technique outlined by Greenleaf and
Hinghofer-Szalkay (1985), which was a slight modification from Campbell et al.
(1958).
Reagents
1. Disodium hydrogen phosphate, N a 2 H P 0 4 (anhydrous): 2 % solution (20 g-1000 ml"1
of distilled water; B D H , Merck Pty. Ltd., Kilsyth, Victoria).
2. Teepol-phosphate (NB: Teepol 610 concentrate is no longer available, therefore
Sodium dodecyl sulphate (SDS) is used as a substitute ( B D H , Merck Pty. Ltd.,
Kilsyth, Victoria). Add 20 g of N a 2 H P 0 4 and 1.5 g of S D S and mix with 1000
ml of distilled water.
3. Potassium phosphate, K H 2 P 0 4 (anhydrous): 8 % solution (8 g-100 ml"1 of distilled
water; B D H , Merck Pty. Ltd., Kilsyth, Victoria).
4. 1:1 Acetone-water solution (50% acetone; 5 0 % distilled water).
5. Solka Floe: suspension of purified wood cellulose (Cellulose powder from spruce;
Fluka BioChemica) in N a 2 H P 0 4 solution. Suspend approximately 10 g of
cellulose in 1000 ml 2 % N a 2 H P 0 4 .
6. Evan's blue dye (T-1824) standard: 1 ml of Evan's blue dye (from the same vial as
the injection) and make up to 50 ml with distilled water (2.5 ml; Evans Blue
Injection, 25 mg-5 ml, N e w World Trading Corporation, U.S.A.).
Note that reagents 1, 2 and 3 can be made up weekly and kept refrigerated; whereas
reagents 4, 5 and 6 should be made up daily.
Equipment
Injection and post samples
1. gloves.
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2. Insert approximately 100 m g (3 c m ) of uncompressed glass wool firmly above the
small constriction above the stopcock with a large stirring rod to a height of
about 0.5 cm.
3. Turn column taps to open.
4. Pipette about 12 c m of the Solka Floe suspension into the column. Shake the
suspension prior to pipetting as it settles quickly. Keep adding the suspension
until it settles to a height of about 5 cm.
5. W a s h each column using a pipette with approximately 10 ml of the 2 % N a 2 H P 0 4
solution to pack the column (columns are packed best if prepared the day prior
to use).
6. A d d another 5 ml of 2 % N a 2 H P 0 4 then turn column taps off. This is to ensure the
columns do not become dry at the top.
7. Columns can be reused and are best if the cellulose is washed from the columns with
distilled water and repacked with fresh cellulose (glass wool can stay in the
column).
Injection
1. Drain dye to bottom of vial and wipe the outside seal with an alcohol wipe.
2. Break vial open in a safety cabinet and draw approximately 2.5 ml of the dye into
a 5 ml syringe using an 18 gauge needle.
3. R e m o v e the needle from the syringe, expel all air from the barrel and push the dye
to the very tip of the syringe. Check the syringe contains 2.5 ml of dye.
4. Attach a clean 18 gauge needle to the syringe with cover.
5. W i p e the syringe and weigh to 4 decimal places and record mass.
6. R e m o v e the needle and cap and inject dye into the subject through a butterfly needle.
7. Flush the butterfly line with 10 ml of sterile saline.
8. W i p e syringe, attach needle and cover, then reweigh.
9. Subtract the empty weight from the pre-injection weight to determine the actual
amount of dye injected into the subject.
Plasma samples
1. Centrifuge samples (1500 g for 10 min at 4°C), then draw off plasma into separate
labelled vials.
2. Prepare the following in 50 ml Erlenmeyer flasks:
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* Blank: 1 ml pre-injection plasma
* Standard: 1 ml pre-injection plasma + 0.2 ml of the Evan's blue standard
solution. Mix by swirling and let stand for at least 2 min.
* Post-injection sample: 1 ml of 10 min sample
* Post-injection sample: 1 ml of 20 min sample
* Post-injection sample: 1 ml of 30 min sample.
3. A d d 15 ml of the S D S solution to each flask and mix by swirling gently for about
15 s.
Extraction
1. Turn column taps to open (best to stagger each one) and adjust tap so that each one
drips approximately once per second into a 50 ml beaker under each column.
Allow the N a 2 H P 0 4 to drip down towards the level of the Solka Floe.
2. Transfer the contents of each flask gently onto the Solka Floe in the respective
column using a pasteur pipette so that the surface is not disturbed.
3. Rinse each flask with a further 5 ml of the S D S solution and add this volume to the
column.
4. W h e n the level of the solution has reached the Solka Floe, add at least 10 ml of the
2 % N a 2 H P 0 4 to the column.
5. Allow the wash to pass through the column until the fluid is about 0.5 c m above the
Solka Floe.
Elution
1. Elute immediately.
2. Pipette 0.5 ml of the 8 % K H 2 P 0 4 into the 10 ml volumetric flasks. This phosphate
with the N a 2 H P 0 4 from the column, buffers the p H of the eluate to 7.0.
3. Gently transfer approximately 5 ml of the acetone water solution into the column,
and allow it to pass down until the blue front passes through the Solka Floe and
nears the bottom.
4. Place the 10 ml volumetric flasks with the 8 % K H 2 P 0 4 under the column and allow
the blue front to passrightthrough the Solka Floe. Note: D o not let the top of
the column become dry, keep adding the acetone-water solution.
5. Turn column taps off and allow the columns to stand for 15 min before completing
the elution.
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6. After 15 min continue the elution until the eluate fills the flask to the 10 ml mark;
all the blue dye should be in the flask.
7. Pipette 1 ml from each 10 ml flask to separate cuvettes.
Analysis
1. Turn the Spectrophotometer (Shimadzu UV-1601, UV-visible spectrophotometer,
Japan) on 30 min prior to reading samples.
2. Prepare 4 cuvettes with 1 ml of distilled water in each (these will be used to auto
zero the spectrophotometer).
3. Choose option 1. Photometric from the spectrophotometer menu.
4. Push Goto wavelength button and set the wavelength to 615 nm.
5. Autozero the spec using the distilled water samples (place 2 samples in the holders,
close the lid and press the autozero button).

Check other distilled water

samples.
6. Press Fl (Absorbance) then F3 (Sample measure).
7. Measure the absorbance of the blank, standard and the 3 extracted samples.
Calculation
Resting plasma volume was thus calculated as (after Campbell et al, 1958):
PV - ( F x Z ) x v x e ^ }
" ((6pre,)xl.03)
where: V = volume of Evans blue dye injected;
D = dilution of the standard sample;
v = volume of sample extracted (1 ml);
£std = absorbance of the standard sample;
epl = absorbance of the test blood sample;
eb = absorbance of the blank blood sample;
1.03 = correction factor for uptake of dye by the tissues (3%).
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